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This Disgertetioa was published in the Second 
and Fdorth Volumes of the Supplement to the 
EncjrdopasKiia Britannica, in which the following 
account of it h given : 

^* Mr Playfair's Dissertation was intended to 
furnish an Historical Sketch of the principal Dis- 
coveries and Improvements in Science, from the 
Revival of Letters to the beginning of the present 
Century j and, in that portion of it which is pre« 
fixed to the Second Volume of this work, Ihe hiis« 
tory is brought down to the period marked by the 
commencement of Newton^s discoveries. The re* 
maining half was to have completed the design, in 
three parts or subdivisions ; the first, comprehend- 
ing the period of Newton and Leibnitz ; the 
Second, that of Euleb and D'Alembert ; and 
the Third, that of Lagrange and Laplace. 

** Mr Platfair was proceeding, with his ac- 
customed diligence and ardour, in the execution of 
this interesting and congenial task, when he was 
seized with the illness of which he died. The^rst 
subdivision of this part of his jj^an, which embraces 
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a view of the advances made in the most remark- . 
able period of the history of Science, was happily 
completed, and the printing finished, while he was 
yet able to correct the press. It is now given to 
the Public, under the painful impression that it 
must too probably be considered as a Fragment ; 
for the Editor fears, that the materials collected 
for the completion of the Dissertation, though con« 
taining the results of much elaborate inquiry, and 
profound reflection, cannot be put into a shape 
that would justify their publication as a work of 
Professor Platfair. 

« Edinburgh, December 1819." 

The opinion entertained by the Editor of the 
Supplement having since been fully confirmed by 
a careful examination of the manuscript, the IKs- 
sertation is here given as it was originally published 
in that work. 




DISSEBTATION, 



PART I. 



Jn conformity to ibe plan which has been traced 
and executed with so much ability in the First Dis^ 
jertaticm,* I am now to present the reader with an 
historical sketeh of the principal discoveries made 
in Natural Philosophy, from the revival of letters 
down to the present thne. In entering on this 
task, and on looking at the instructive but formid- 
able model idready set before me, I should experi- 
ence no small solicitude, did I not trust that the 
subject of which I am to speak, in order to be in- 
teresting, needs only to be treated with clearness 
and precision. These two requisites I will endea* 
vour to keep steadily in view. 

In the order which I am to follow, I shall be 
guided solely by a regard to the subserviency of 
one science to the progress of another, and to the 
consequent priority of the former in the order of 

* The Dissertation here alluded to is the work of Mr 
Stewart^ containing the Uistaty of Melaphysical, Ethical, and 
PolUical Phiiosophy. — E. 
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regular study. For this reason, the history of the 
pure Mathematics will be first considered, as that 
science has been one of the two principal instru- 
ments applied by the modems to the advancement 
of natural knowledge. The other instrument is 
Experience ; and, therefore, the principles of the 
inductive method, or of the branch of Logic which 
teaches the application of experiment and observa- 
tion to the interpretation of nature, must be the 
aeoQud olgect of inquiry ; i(nd in this article I shall 
give an account of Bacon's I%ilo8ophy, as i^lied 
to Physical investigation. After these two aectiom, 
which may in some measure be considered as in* 
troductory, I am to treat of Natural Philosophy, 
iinder the divisions of Mechanics, Astronomy, and 
Optics. Under the general denomination of Me- 
chanics I indude the Theory of Motion, as lulled 
not only to aolids, but to fluids, both incompresai* 
ble and :eb6tic. Optics I have placed after A^ro* 
nomy, beeause the discoveries in Mechanics bavt 
much less afiEected the progress of the former of 
these sciences than of the latter. To these will 
succeed a sixth division, containing the laws of the 
three unknown substances, if, indeed, they may be 
called substances,^--- Heat, Electricity, and Magnet- 
ism. These, though very different, agree in some 
general characters. They permeate all substances, 
though not with the same facility ; and, if other 
bodies had been foimed in the same manner with 
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them, the idea of impenetrability would never have 
been suggested to the mind. They seem to receive 
motion, without taking any away from the body 
which communicates it ; so that they can hardly 
be considered as inert* Two of them. Heat and 
Electricity, are perceived by the sense of touch ; 
but the impression which they make does not con- 
vey any idea of resistance. The third is not per- 
ceived by touch; and, therefore, all the three 
m^bt be denominated impalpable substances. If 
they have any gravity, it cannot be appreciated ; 
and, for these reasons, had it not too paradoxical 
an appearance, we might class them together as 
material but incorporeal substances. We know, 
indeed, nothing of them but as powers, transferable 
from one body to another; and it is in conse- 
quence of this last circumstance alone that they 
are entitled to the name of substances. 

Tliough the general design of this historical 
sketch extends from the revival of letters to the 
beginning of the nineteenth century, I shall, in the 
present Part, confine myself entirely, as has been 
done in the first Discourse, to the period preced* 
ivig the end of the seventeenth century, or, more 
precisely, to that preceding the invention of the 
fluxionary calciilus, and the discovery of the prin<» 
$iple of gravitation ; — one of the most remarkable 
epochas* without doubt, in the history of human 
knowledge. 
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Section L 
MATHEMATICS. 

1. Geometry* 

The great inheritance of mathematical know- 
ledge which the ancients bequeathed to poste- 
rity could not» on the reviyal of learning, be 
immediately taken possession of, nor could even 
its existence be .discovered, but by degrees. 
Though the study of the Mathematics had never 
been entirely, abandoned, it had been reduced 
to matters of very simple and easy comprehen* 
mon, such as were merely subservient to prac- 
tice. There had been men who could compute 
the area of a triangle, draw a meridian line, or 
even construct a sun-dial, in the worst of times; 
but between sach skill, and the capacity to under- 
stand or the taste to relish, the demonstrations of 
Euclid, ApoUonius, or Archimedes, there was a 
great interval^ and many difficulties were to be 
overcome, for whiqh much time, and much subsidi- 
ary knowledge, were necessary. The repositories 
of the ancient treasures were to be opened, and 
made accessible ; the knowledge of the languages 



PHYSICAL ftCIfiNCE. 9 

was to be acquired ; the manuscripts were to be 
decyphered ; and the skill of the gralnmarian and 
the critic were to precede, in a certain degree, that 
of the geometrician or the astronomer. The obli- 
gations which we hate to those who undertook thi9 
kborioos and irksome task, and who rescued the 
ancient books from the prisons to which ignorance 
and barbarism had condemned them, and from the 
final destruction by which they must soon have 
been overtaken, are such as we can never sufficient- 
ly acknowledge j and, indeed, we shall never know 
even the names of many of the benefactors to whom 
our thanks are due. In the midst of the wars, the 
oonfusiDn, and bloodshed, which overwhelmed Eu- 
rope during the middle ages, the religious houses 
and monasteries affi>rded to the remains of ancient 
learning an asylum, which a salutary prejudice 
forced even the most lawless to respect ; and the 
authors who have given the best account of the re- 
vival of letters, agree that it is in a great measure 
to those establishments that we owe the safety of 
the books which have kept alive the scientific and 
literary attainments of Greece and Rome. 

The study of the remains of antiquity gradually 
produced men of taste and intelligence, who were 
able to correct the faults of the manuscripts they 
copied, and to explain the difficulties of the authors 
they trandated. Such were Furbach, Regiomonta* 
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nusy Cominandine» Maurolycus, and maiiy others. 
By their means, the writings of Euclid, Archie 
medes, ApoUonius, Ptolemy, and Pappus, became 
known and accessible to m»i of science. Arabia 
contributed its share towards this great lenora- 
tion, and from the language of that country was 
derived the knowledge of many Greek books, of 
the originals of which, some were not found till 
long afterwards, and others have never yet been 
discovered. 

In jaothing, perhaps, is the inventive and elegant 
genius of the Greeks better exemplified than in 
their geometry. The elementary truths of that 
science were connected by Eudid into one great 
chain, beginning from the axioms, and extending 
to the properties of the five regular solids ; the 
whole digested into such admirable order, and ex- 
plained with such deamess and precision, that no 
similar woik of superior excellence has appeared, 
even in the present advanced state of mathematical 
science. 

Archimedes had assailed the more difficult pro* 
blems of geometry, and by means of the method of 
Exhaustions, had demonstrated many curious and 
important theorems, with regard to the loigtbs 
and areas of curves, and the contents of solids* 
The some great geometer had given a b^inning 
to physico-mathematical science, by investigating 



PHYSICAL SCIENCE. 11 

several prc^positums, and resolving several problems 
in Mechanics and Hydrostatics. 

ApoUonius had treated of the Conic Sections^— 
the Curves which, after the circle, are the most 
simple and important in geometry; and, by his 
elaborate and profound researches, had laid the 
foundation of discoveries which were to illustrate 
Tery dbtaat i^es. 

Another great invention, the Geometrical Analy- 
sis, ascribed very generally to the Platonic school, 
but most successfully cultivated by the geometer 
just named, is one of the most ingenious and beau- 
tiful contrivances in the mathematics. It is a me- 
thod of discovering truth by reasoning concerning 
things unknown, or propositions merely supposed, 
«s if the one were given, or the othor were really 
truCf A quantity that is unknown, is only to be 
found from the relations which it bears to quanti- 
ties that are known. By reasoning on these rela^ 
tions, we come at last to some one so simjde, that 
the thing sought is thereby determined. By this 
analytical process, therefore, the thing required is 
discovered, and we are at the same time put in 
possession of an instrument by which new truths 
may be found out, and which, when skill in using 
it has been acquired by practice, may be applied to 
an unlimited extent. 

A similar process enables us to discover the de- 
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monstratioiiB of propositions, supposed to be true, 
or, if not true, to discover that they are false. 

This method, to the consideration of which we 
shall again have an opportunity of returning, was 
perhaps the most valuable part of the ancient ma- 
thematics, inasmuch as a method of discovering 
truth is more valuable than the truths it has already 
discovered. Unfortunately, however, the fragments 
containing this precious remnant had suffered more 
from the injuries of time than almost any other. 

In the fifteenth century, Regiomontanus, already 
mentioned, is the mathematician who holds the 
highest rank. To him we owe many translations 
and commentaries, together with several original 
and valuable works of his own. Trigonometry, 
which had never been known to the Greeks as a 
separate science, and which took that form in Ara- 
bia, advanced, in the hands of Regiomontanus, to 
a great degree of perfection, and approached very 
near to the condition which it has attained at the 
present day. He also introduced the use of deci- 
mal fractions into arithmetic, and thereby gave to 
that scale its full extent, and to numerical compu- 
tation the utmost degree of simplicity and enlarge- 
pient which it seems CBpshle of attaining. 

This eminent man was cut off in the prime of 
life; and his untimely death, says Mr Smith, 
amidst innumerable projects for the advancement 
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of acienc^^ is even at this day a matter of regret. * 
He was buried in the Pantheon at Rome ; and the 
honours pdid to him at his death prove that science 
had now become a distinction which the great were 
disposed to Irecognize. 

Werner, who lived in the end of this century, 
is the first among the modems who appears to 
have been acquainted with the geometrical ana- 
lysis. His writings »e very me. and I have never 
had an opportum'ty ol£ examining them. What I 
here assert is on the authority of Montuda, whose 
judgment in this matter may be safely relied on, as 
he has shown, by many instances, that he was well 
acquainted with the nature of the aiialysis referred 
to. It is not a little remarkable diat Werner 
should have understood this subject, when we find 
many eminent mathematidans, long after his time, 
entirely unacquainted with it, and continually ex- 
pressing their astonishment how the ancient geo- 
meters found out those simple and el^ant con- 
structions and demonstrations, of which they have 
given so many examples. In the days of Werner, 
there was no ancient book known except the Data 
of £uclid, from which any information concerning 
the geometrical analysis could be collected ; and it 
is highly to his credit, that, without any other help. 



* History of Astronomy, p. 90. Regiomoiitanus was bom 
in 1436^ an4 died in 1476. 
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he should have come to the knowledge of a method 
not a little recondite in its principles^ and among 
the finest inventions either of ancient or of flUodem 
science. Werner resolved, by means of it, Arehi- 
medes's problem of cutting a sphere into two seg- 
ments, having a given ratio to one another. He 
proposed also to translate, fh>m the Arabic, the 
work of ApoUonius, entitled Sectio RaUonis^ rightly 
judging it to be an elementary work in that analy- 
sis, and to come next after the Data of EhieUd. * 

Benedetto, an Italian mathematician, appears al- 
so to have been very early acquainted with the 
principles of the same ingenious method, as he 
published a book on the geometrical analysis at 
Turin in 1585. 

Maurolycus of Messina flourished in the middle 
of the sixteenth century, and is justly regarded as 
the first geometer of that age. Beside furnishing 
many valuable transitions and commentaries, he 
wrote a treatise on the conic sections, which is 
highly esteemed. He endeavoured also to restore 
the fifth book of the oonics of ApoUonius, in which 
that geometer treated of the maxima and mifiima 
of the conic sections. His writings all indicate a 
man of clear conceptions, and of a strong under* 
standing ; though he is taxed with having dealt in 
astroli^cal prediction. 

• See Montuda, Vol I. p. 470. 

1 
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In the early part of Hhe sesrenteenth centuiy, 
Cavalieri was particularly distinguisbed, and made 
an adyanee in the higher geometry, which occupies 
the middle place between the discoveries of Arcln- 
medes and those of Newton. 

For the purpose of determining the lengths and 
areas of curves, and the contents of solids contain* 
ed within curve superficies, the ancients had invent- 
ed a method, to which the name of Exhaustions 
has been given ; and in nothing, perhaps, have 
they more diq^layed their powers of mathematical 
invention. 

Whenever it is required to measure the spece 
bounded by curve Imes, the lei^h of a curve, or' 
the sdid contained within a curve siqwrficies, the in- 
vestigation does not fall within the rai^e of ele- 
mentary geometry. Rectilineal figures are com- 
pared» on the primaple of superposition, by help of 
the notion of equidity which is derived from the 
coincidence of magnitudes both similar, and equal. 
Two rectangles of equal bases and equal altitudes 
are held to be eqaal» because they can perfectly 
coincide. A rectangle and an oUique angled pap 
fwUelogram^ having equal bates and altitudes, are 
shown to be equal, because the same triangle, taken 
from the rectangle on one side, and added to it on 
the other, converts it into the parallelogram ; and 
thus two magnitudes which are not similar, are 
shown to have equal areas. In like manner, if a 
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[e and a pandldogram have the same base 
and altitude, the triangle is shown to be half the 
parallelogram ; because, if to the triangle there be 
added another, similar and equal to itself, but in 
the reverse position, the two together will compose 
a parallelogram, having the same base and altitude 
with the given triangle. The same is true of the 
comparison of all other rectilineal figures ; and if 
the reasoning be carefully analyzed, it will always 
be found to be reducible to the primitive and ori- 
ginal idea of equality, derived from things that 
coincide or occupy the same space ; that is to say, 
the areas which are proved equal are always such 
•as, by the addition or subtraction of equal and si* 
milar parts, may be rendered capable of coinciding 
with one another. 

This principle, which is quite general with re- 
ject to rectilineal figures, must fiul, when we 
would compare curvilineal and rectilineal spaces 
with one another, and make the latter serve as 
measures of the former, because no addition or sub- 
traction of rectilineal figures can ever produce a fi- 
gure whidi is curvilineal. It is possible, indeed, 
to combine curvilineal figures, so as to produce one 
that is rectilineal ; but this principle is of very li- 
mited extent ; it led to the quadrature of the &- 
nuke of Hippocrates, but has hardly furnished any 
other result which can be considered as valuable in 
science. 
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In the diflKculty to which geometers were thus 
reduced, it might occur, that, by inscribing a rec- 
tilineal figure within a curve^ and circumscribing 
another round it, two limits could be obtained, one 
greater and the other less than the area required. 
It was also evident, that, by increasing the number, 
and diminishing the sides of those figures, the two 
limits might be brought continually nearer to one 
another, and of course nearer to the curvilineal 
area, which was always intermediate between them. 
In prosecuting this sort of approximation, a result 
was at length found out, which must have occasion- 
ed no less surprise than delight to the mathemati- 
cian who first encountered it. The result I mean 
is, that, when the series of inscribed figures was 
continually increased, by multiplying the number 
of the sides, and diminishing their size, there was 
an assignable recUUneal area, to which they conti- 
nually approached, so as to come nearer it than any 
difference that could be supposed. The same limit 
would also be observed to belong to the circum- 
scribed figures, and therefore it could be no other 
than the curvilineal area required. 

It appears to have been to Archimedes that a 
truth of this sort first occurred, when he found 
that two-thirds of the rectangle, under the ordinate 
and abscissa of a parabola, was a limit always greater 
than the inscribed rectilineal figure^ and less than 
the circumscribed. In some other curves, a similar 

VOL. II. B 
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conclusion was found, and Archimedes contrived 
to show that it was impossible to suppose that the 
area of the curve could differ from the said limit, 
without admitting that the circumscribed figure 
might become less, or the inscribed figure greater 
than the curve itself. The method of Exhaustions 
was the name given to the indirect demonstrations 
thus formed. Though few things more ingenious 
than this method have been devised, and though 
nothing could be more conclusive than die demon** 
strations resulting from it, yet it laboured under 
two very considerable defects. In the first place, 
the process by which the demonstration was obtain- 
ed was long and difficult j and, in the second place, 
it was indirect, giving no insight into the principle 
en which the investigation was founded. Of con- 
sequence, it did not enable one to find out similar 
demonstrations, nor increase one's power of making 
more discoveries of the same kind. It was a de- 
monstration purely synthetical, and required, as all 
indirect reasoning 'must do, that the condusion 
should be known before the reasoning is begun. 
A more compendious, and a more analytical me- 
thod, was therefore much to be wished for, and 
was an improvement, which, at a moment when the 
field of mathematical science was enlai^ing so fast, 
seemed particularly to be required. 

Cavalieri, born at Milan in the year 1598, is the 
person by whom this great improvement was made. 
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The principle on which he proceeded was, that 
areas may be considered as made up of an infinite 
number of parallel lines ; solids of an infinite num- 
ber of parallel planes ; and even lines themselves, 
whether curve or straight, of an infinite ntnnber of 
pcnnts. The eubature of a solid being thus re- 
duced to the summation of a series of planes, and 
the quadrature of a curve to the summation of a 
series of ordinates, each of the investigations was 
reduced to something more simple. It added to 
this simplicity not a little, that the sums of series 
are often more easily found, when the number of 
terms ib infinitely great, than when it is finite, and 
actually assigned. 

It appears that a tract on stereometry, written by 
Kepler, whose name will hereafter be often men- 
tioned, first led Cavalieri to take this view of geo- 
metrical magnitudes. In that tract, which was 
published in l6l5, the measurement of many solids 
was proposed, which bad not before fallen under 
the consideration of mathematicians. Such, for 
example, was that of the solids generated by the 
revolution of a curve, not about its axis, but about 
any line whatsoever. Solids of that kind, on ac- 
tcmnt of their afiinity with the figure of casks, and 
vessels actually employed for containing liquids, ap- 
peared to Kepler to offer both curious and useful 
Subjects of investigation. There were no less than 
eighty-four such^ solids, which he proposed for the 
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consideration of mathematicians. He was, hoir- 
ever, himself unequal to the task of resolving any 
but a small number of the simplest of these pro* 
blems. In these solutions, he was bold enough to 
introduce into geometry, for the first tune, the idea 
of infinitely great and infinitely small quantities, 
and by this apparent departure from the rigour of 
the science, he rendered it in fact a most essential 
service. Kepler conceived a circle to be composed 
of an infinite number of triangles, having their 
common vertex in the centre of the circle, and 
their infinitely small bases in the circumference. 
It is to be remarked, that Galileo had also^ intro- 
duced the notion of infinitely small quantities, in 
his first dialogue, De Mechanica, where he treats 
of a cylinder cut out of a hemisphere ; and he has 
done the same in treating of the acceleration of 
falling bodies. Cavalieri was the friend and dis- 
ciple of Galileo, but much more profound in the 
mathematics. In his hands the idea took a more 
regular and systematic form, and was explained in 
his work on indivisibles, published in 1635. 

The rule for (Summing an infinite series of terms 
in arithmetical progression had been long known, 
and the application of it to find the area of a trian- 
gle, according to the method of indivisibles, was a 
matter of no difficulty. The next step was, sup- 
posing a series of lines in arithmetical progression^ 
and squares to be described on each of them, to 
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find what ratio the sum of all these squares bears to 
the greatest square, taken as often as there are 
terms in the progression. Cavalieri showed, that 
when the nambcr of terms is infinitely great, the 
first of these sums is just one*third of the second. 
This evidently led to the cubature of many solids. 
Proceeding one step farther, he sought for the 
sum of the cubes of the same lines, and found it to 
be one-fourth of the greatest, taken as often as 
there are terms ; and, continuing this investigation^ 
he was able to assign the sum of the itth powers of 
a series in arithmetical progression, supposing al- 
ways the difference of the terms to be infinitely 
small, and their number to be infinitely great. The 
number of curious results obtained from these in- 
vestigations may be easily conceived. It gave, over 
geometrical problems of the higher class, the same 
power which the intend calculus, or the inverse 
method of fluxions does, in the case when the ex- 
ponent of the variable quantity is an integer. The 
method of indivisibles, however, was not without 
difficulties, and could not but be liable to objection, 
with those accustomed to the rigorous exactness of 
the ancient geometry. In strictness, lines, how- 
ever multiplied, can never make an area, or any 
thing but a line ; nor can areas, however thi&y may 
be added together, compose a . solid, or any thing 
but an area. This is certainly true, and yet the 
condttsioiis of Cavalieri, deduced on a contrary 
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supporition^ are trne also. This happened, because^ 
though the suppositions that a certain series of 
lines, infinite in number, and contt^ous to one 
another, may compose a certain ar<$, and that an* 
other series may compose another area, are neither 
of them true ; yet is it strictly true, that the one 
of these areas must have to the other the same 
ratio which the sum of the one series of lines has to 
the sum of the other series. Thus, it is the ratios 
of the areas, and not the areas absolutely consider- 
ed, which are determined by the reasonings of Ca» 
valieri ; and that this determination of their ratios 
is quite accurate, can very readily be demonstrated 
by the method of exhaustions. 

The method of indivisibles, from the great fiici«- 
iity with which it could be managed, furnished a 
most ready method of ascertaining the ratios of 
areas and solids to one another, and, thereforci 
scarcely seems to deserve the epithet which Newton 
himself bestows upon it, of involving in its concep* 
tions something harsh, (dwrwm^) ajad not easy to 
be admitted. It was the doctrine of infinitely 
small quantities carried to tlie extreme, and gave at 
once the result of an infinite series of successive ap* 
proximations. Nothing, perhaps, more ingenious, 
and certainly nothing more happy, ever was con* 
trived, than to arrive at the conclusion of all these 
approximations, without going through the approxi- 
mations themselves. This is the purpose served by 
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introducing into matliematics the consideration of 
quantities infinitely small in size^ and infinitely 
great in number ; ideas which, however inaccurate 
they may seem, yet, when carefiilly and analogi-* 
cally reasoned upon, have never led into error* 

Geometry owes to Cavalieri, not only the gene* 
ral method just described, but many particular 
theorems, which that method was the instrument 
of discovering. Among these is the very remark, 
able prqK>8ition, that as Jour right angles, to the 
Mcess of the three angles qf any spherical triangle, 
above two right angles, so is the superficies qfthe 
hemisphere to the area qf tiie triangle* At that 
time, however, science was advancing so fast, and 
the human mind was everywhere expanding itself 
with so much energy, that the same discovery was 
likely to be made by more individuals than one M 
the same time. It was not known in Italy in 1639, 
when this determination of the area of a spherical 
trisen^e was given by Cavalieri, that it had been 
published three years before by Albert Girard, $ 
mathematician of the Low Countries, of whose in- 
ventive powers we shall soon have more occasion tq 
speak. 

The Cycloid afforded a number of problems, well 
calculated to exercise the proficients in the geome* 
try of indivisibles, or of infinites. It is the curve 
described by a point in the circumference of a cir- 
de, while the circle itself rolls in a straight line 
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along a plane. It is not quite certain when this 
curve, so remarkable for its curious properties, and 
for the place which it occupies in the history of 
geometry, first drew the attention of mathemati- 
cians. In the year 1639> Galileo informed his 
friend Torricelli, that, forty years before that time, 
he had thought of this curve, on account of its 
shape, and the graceful form it would give to arches 
in architecture. The same philosopher had en- 
deavoured to find the area of the cycloid ; but 
though he was one of those who first introduced 
the consideration of infinites into geometry, he was 
not expert enough in the use of that doctrine, to be 
able to resolve this problem. It is still more ex- 
traordinary, that the same problem proved too dif- 
ficult for Cavalieri, though he certainly was in com- 
plete possession of the principles by which it was to 
be resolved. It is, however, not easy to determine 
whether it be to Torricelli, the scholar of Cavalieri, 
and his successor in genius and talents, or to Ro- 
berval, a French mathematician of the ^me period, 
and a man also of great originality and invention, 
that science is indebted for the first quadrature of 
the cycloid, or the proof that its area is three times 
that of its generating circle. Both these mathe- 
maticians laid claim to it. The French and Italians 
each took the part of their own countryman ; and 
in their zeal have so perplexed the question, that it 
is hard to say on which side the tmth is to be found. 



PHYSICAL SCIENCE. 2^ 

Torricelliy however, was a man of a mild, amiable, 
and candid disposition ; Roberval of a temper ir- 
ritable, violent, and envious ; so that, in as far as 
the testimony of the individuals themselves is con- 
cemed, there is no doubt which ought to preponde- 
rate. They had both the skill and talent which 
fitted them for this, or even for more difficult re- 
searches. 

The other properties of this curve, those that 
respect its tangents, its length, its curvature, &c. 
ex^cised the ingenuity, not only of the geometers 
just mentioned, but of Wren, Wallis, Huygens, 
and, even after the invention of the integral calcu- 
lus, of Newton, Leibnitz, and Bernoulli. 

Roberval also improved the method of quadra- 
tures invented by Cavalieri, and extended his solu- 
tions to the case, when the powers of the terms in 
the arithmetical progression of which the sum was 
to be found were fractional ; and Wallis added the 
case when they' were negative. Fermat, who, in 
his inventive resources, as well as in the correctness 
of his mathematical taste, * yielded to none of his 
contemporaries, applied the consideration of infinite- 
ly small quantities to determine the maxima and 
TMnima of the ordinates of curves, as also their 



* He also was very skilAil in the geometric analysis^ ami 
seems to have more thoroughly imbibed the spirit of that in* 
genious invention .than any of the modems before Halley. 
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tangents. Barrow, somewhat later, did the 8am9 
in England. Afterwards the geometry of infinites 
fell into the hands of Leibnitz and New^on^ and 
acquired that new. character which marks so dis- 
tinguished an era in the mathematical sciencea. 



2. Algebra. 

It was not fix>m Grreece alone that the light pro* 
ceeded which dispelled the darkness of the middle 
ages ; fbr, with the first dawn of that light, a ma* 
thematical science, of a name and character un- 
known to the geometers of antiquity, was received 
in Europe from Arabia. As early as the beginning 
of the thirteenth century, Leonardo, a merchant of 
Pisa, having made frequent visits to the East, in 
the course of commercial adventure, returAed to 
Italy, enriched by the traffic, and instructed by the 
science of those countries. He brought with hini 
the knowledge oi Algebra ; and a late writer quotes 
a manuscript of his, bearing the date of 120S, and 
another that of 1228. * The importation of Algebra 
into Europe, is thus carried back nearly 200 years 
farther than has generally been supposed, for Leo- 
nardo has been represented as flourishing in the 

* M. Cosaali of Pisa, in a Tract on the Origin of Alge- 
bra, 1797- 
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ead el the fourteenth century^ instead of the very 
b^linning of the thirteenth. It appears by an exp 
traet from his manuscript, published by the above 
author, that his knowledge of Algebra extended as 
6r as quadratic equations. The language was very 
imperfeet» correspopd^g to the infancy of the 
science ; the quantities and the operations being 
exj^ressed in words, with the help only of a few ab- 
breviatims» The rule for jresolving quadratics by 
completing the square, is demonstrated geometri- 
cally. 

Though Algebra was brought into Europe from 
Arabia, it is by no means certain that this last is its 
native country. There is, indeed, reason to thin]^ 
that its invention must be sought for much farther 
to the East, and probably not nearer than Indos- 
tan. We are assured by the Arabian writers, that 
Mahomet Bai Musa pf Chorasan, distinguished 
for bis mathematical knowledge, travelled, about 
the year 9^9, into India, for the purpose of re- 
oeiving farther instruction in the science which he 
cultivated. It is likewise certain, that some books^ 
which have lately been brought from India into 
this country, treat of Algebra in a manner that has 
every appearance of originality, or at least of being 
derived from no source with which we are at a)l ac- 
quainted. 

Before the time of Leonardo of Pisa, an im^ 
portant acquisition, also from the East, had greatly 
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improred the science of arithmetic. This was the 
use of the Arabic notation, and the contrivance of 
making the same character change its signification^ 
according to a fixed rule, when it changed its posi- 
tion, being increased tenfold for every pUice that it 
advanced towards the left. The knowledge of this 
ample but refined artifice was learned from the 
Moors by Gerbert, a monk of the Low Countries, 
in the tenth century, and by him made known in 
Europe. Gerbert was afterwards Pope, by the 
name of Silvester the Second ; but from that high 
dignity derived much less glory than from having 
instructed his countrymen in the decimal nota- 
tion. 

The writings of Leonardo, above mentioned, 
have remained in manuscript ; and the first printed 
book in Algebra is that of Lucas de Burgo, a 
Franciscan, who, towards the end of the fifteenth 
century, travelled, like Leonardo, into the East, 
and was there instructed in the principles of Al- 
gebra. The characters employed in his work, as 
in those of Leonardo, are mere abbreviaticms of 
words. The letters p and m denote plus and mi- 
nus ; and the rule is laid down, that, in multiplica- 
tion, plus into minus gives minus, but minus into 
minus gives plus. Thus the first appearance of 
Algebra is merely that of a system of short-hand 
writing, or an abbreviation of common language, 
applied to the solution of arithmetical problems. 
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It was a contrivance merely to save trouble ; and 
yet to this contrivance we are indebted for the 
most philosophical and refined art which men 
have yet employed for the expression of their 
thoughts. This scientific language, therefore, like 
those in common use, has grown up slowly, from a 
very weak and imperfect state, till it has reached 
the condition in which it is now found. 

Though in all this the modems received none of 
their information from the Greeks, yet a work in 
the Greek language, treating of arithmetical ques* 
tions, in a manner that may be accounted alge- 
braic, was discovered in the course of the next cen- 
tury, and given to the world, in a Latin transla- 
tion, by Xylander, in 1575. This is the work of 
Diopbantus of Alexandria, who had composed 
thirteen books of Arithmetical Questions, and is 
supposed to have flourished about 1 50 years after 
the Christian era. The questions he resolves are 
often of considerable difficulty ; and a great deal 
of address is displayed in stating them, so as to 
bring out equations of such a form, as to involve 
only one power of the unknown quantity. The 
expression is that of common language, abbreviated 
and assisted by a few symbols. The investigations 
do not extend beyond quadratic equations; they 
are, however, extremely ingenious, and prove the 
author to have been a man of talent, though the 



JO MATHEMATICAL AND 

iiistrument he worked with was weak and imper-* 
feet. 

' The name of Cardan is famous in the history of 
Algebra. He was bom at Milan in 1501, and 
was a man in whose character good and ill^ strength 
md weakness, were mixed up in singukr profusion. 
With great talents and industry, he was capricious, 
insincere, and vain-glorious to excess. Though a 
man of real science, he professed divination, and 
was such a believer in the influence of the stars, 
that he died to accomplish an astrological predic- 
tion. He remains, accordingly, a melancholy proof, 
thart there is no folly or weakness too great* to be 
unit^ to high intellectual attainments. 

^ Sefbre his time, very little advance had been 
made in the solution of any equations higher than 
the second degree ; except that, as we are told, 
about the year 1508, Scipio Ferreo, Professor of 
Mathematics at Bolc^na, had found out a rule for 
resolving one of the cases of cubic equations, which, 
however, he concealed, or communicated only to a 
few of his scholars. One of these, florido, on the 
Mrength of the secret he possessed, agreeably to a 
practice then common among mathematicians, chal* 
lenged I'artalea of Brescia, to contend with him in 
the solution of algebraic problems. Florido had at 
first the advantage ; but Tartalea, being a man of 
ingenuity, soon discovered his rule, and also an* 
other much more general, in consequence of which, 



1 



PHYSICAL SCIENCE. 31 

he came off at last Tictorious. By the report of 
this victory, the curionty of Cardan was strongly 
excited ; for, though he was himself much versed in 
the mathematics, he had not been able to discover 
a method of resolving equations higher than the se« 
cond degree. By the most earnest and importu* 
nate solicitation, he wrung from Tartalea the se- 
cret of his rules, but not till he had bound himself, 
by promises and oaths, never to divulge them. 
Tartalea did not communicate the demonstrations, 
which, however. Cardan soon found out, and ex- 
tended, in a very ingenious and systematic man- 
ner, to all cubic equations whatsoever. Thus pos- 
sessed of an important discovery, which was at least 
in a great part his own, he soon foigot his promises 
to Tartalea, and published the whole in 1545, not 
concealing, however, what he owed to the latter. 
Though a proceeding, so directly contrary to an ex- 
press stipulation, cannot be defended, one does not 
much regret the disappointment of any man who 
would make a mystery of knowledge, or keep his 
discoveries a secret, for purposes merely selfish. 

Thus was first published the rule which still 
bears the name of Cardan, and which, at this day, 
marks a point in the progress of algebraic investi- 
gafion, which all the effiirts of succeeding analysts 
have hardly been able to go beyond. As to the 
general doctrine of equations, it appears that Car- 
dan was acquainted both with the negative and po^ 
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sitive roots, the former of which he called by the 
name of false roots. He also knew that the num- 
ber of positive, or, as he called them, true roots, is 
equal to the number of the changes of the signs of the 
terms ; and that the coefficient of the second term is 
the difference between the sum of the true and the 
false roots. He also had perceived the difficulty of 
that case of cubic equations, which cannot be re- 
duced to his own rule. He was not able to over- 
come the difficulty, but showed how, in all cases, 
' an approximation to the roots might be obtained. 

There is the more merit in these discoveries, 
that the language of Algebra still remained very im« 
perfect, and consisted merely of abbreviations of 
words. Mathematicians were then in the practice 
of putting their rules into verse. Cardan has gi- 
ven his a poetical dress, in which, as may be sup- 
posed, they are very awkward and obscure ; for 
whatever assistance in this way is given to the me- 
mory, must be entirely at the expence of the un- 
derstanding. It is, at the same time, a proof that 
the language of Algebra was very imperfect. No- 
body now thinks of translating an algebraic for- 
mula into verse ; because, if one has acquired any 
familiarity with the language of the science, the 
formula will be more easily remembered than any 
thing that can be substituted in its room, 

Italy was not the only country into which the 
algebraic analysis had by this time found its way ; 

4 
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in Genaxaj it had abo made comideoaUe pn^reas, 
and Stiphelius, in a book q£ A^bra, pufaGdied at 
Nuraibeig in 1544, empioyied the same numeral 
cxponeDte of powers, bolli poMtive and negative, 
which wre now ase, as fiur as integer numben are 
eoneened ; but he did aot carry the sohitton of 
eqpiations fiirther than die second degzee. He in^ 
trodooed the same dianu^ten fin: pbis and nunus 
svlnch are at poesent employed. 

Robert Recorde, an English mathematidan, pidi- 
UAei about this time, or a few years Uiter, the 
first Endiflh tveatise on Alisebni, and he these in«- 
tnKlucJ^ same aign of^oaKty which is now in 
use. 

The properties of algebraic equations were dis- 
coYcred, however, very slowly. Pelitarius, a French 
mathematieian, in a treatise which bears the date 
of 1558, is the first who observed that the root of 
an equation is a divisor of the last term ; and he 
remarked also this curious property of numbers, 
that the sum of the cubes of the natural numbers 
is the square of the sum of the numbers them- 
selves* 

The knowledge of the solution of cubic equations 
was still confined to Italy. BombeUi, a mathe- 
matician of that country, gave a regular treatise 
on Algebra, and considered, with very particular 
attention, the iireducible case of Cardan's rule. 
He was the first who made the remark, that the 

VOL. !!• c 
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pFoblems belongiBg to that case can always be re- 
dohei by the trisection of an arch* * 

Vieta was a very learned man, and an eicdleaak 
mathematician, remarkable both for industry and 
invention. He was the first who employed let- 
ters to denote the known as well as the unknown 
quantities, so that it was with him that the hinguage 
of algebra first became capable of expressing ge* 
neral truths, and attained to that extaision which 
has since rendered it such a powerful instrument of 
investigation. He has also given new demonstra- 
iyns of the rule for resolviog cubic, and even hU 



* A passage in Bombelli's book^ relative to the Algebra 
cf India, has become more interesting^ from the information 
concerning the science of that country^ which has reached 
Europe within the last twenty years. He tells us^ that he' 
had seen in the Vatican library, a manuscript of a certain 
Diophantus^ a Greek author^ which he admired so muchj 
that he had formed the design of translating it. He adds^ 
that in this manuscript he had found the Indian authors 
often quoted; from which it appeared^ that Algebra was 
known to the Indians before it was known to the Arabians. 
Nothings however^ of all this is to be found in the work of 
DiophantuSj which was published about three years afier 
the time when BombelU wrote. As it is, at the same time, 
impossible that he could be so much mistaken about a manu- 
script which he had particularly examined, this passage re« 
mains a mystery, wfaidi those who are curious about the 
ancient history of sdenoe would be very glad to have un- 
ravelled. See Hutton's History of Algebra. 
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quadratic equations. He also discoyered the rela- 
tion between the roots of an equation of any de- 
gree, and the coefficients of its terms, though only 
in the case where none of the terms are wanting, 
and where all the roots are real or positive. It is, 
indeed, extremely curious to remark, how gradual- 
ly the truths of this sort came in 'sight. This pro- 
position belonged to a general truth, the greater 
part of which remained yet to be discovered. 
Vieta's treatises were originally published about 
the year I6OO, and were afterwards collected into 
one volume by Schooten, in 1 646. 

In speaking of this illustrious man, Vieta, we 
must not omit his improvements in trigonometry, 
and still less his treatise on angular sections, which 
was a most important application of AIgebi;a to in- 
vestigate the theorems, and resolve the problems of 
geometry. He also restored some of the books of 
Apollonius, in a manner highly creditable to his 
own ingenuity, but not perfectly in the taste of the 
Greek geometry ; because, though the construction9 
ere elegant, the demonstrations are all synthetical. 

About the same period. Algebra became greatly 
indebted to Albert Girard, a Flemish mathemati- 
cian, whose principal work. Invention Nouvelle 
en Algebre, was printed in 1669« This ingenious 
author perceived a greater extent, but not yet the 
whole of the truth, partially discovered by Vieta, 
yiz. the successive formation of .the coefficients of 
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an equMion firom the «iim ^f the roots ; the mm of 
their products taken two and two ; the mams taken 
three and three, &c. whether the roots be positive 
or negative. He appears also to have been the 
first who understood the use of negative roots ja 
the solution of geometrical problems, and is Ihe 
author of the figurative expression, which gives to 
negative quantities the name of quantities less than 
nothing ; a phrase tliat has been severely censuoed 
by those who forget that there are correct ideas, 
which correct language can hardly be made to ex* 
press. The same mathematician conceived the mo- 
tion of imaginary roots, and showed that the num- 
ber of the roots of an equation could not esceed the 
exponent of the highest power of the unknown 
quantity. He was also in possesnon of the very 
refined and difficult rule, which fcmns die smuts ^ 
the powers of the roots of an equation from the co« 
efficients of its terms. This is the greatest list of 
discoveries which the history of any a^gehrabt could 
yet furnish. 

The person next in order, as an inventor in Al« 
gebra, is Thomas Harriot, an English matibemati- 
cian, whose book, Artis Analytics Praxis, was 
published after his death, in 1631. Tliis bode 
contains the genesis of all equations, by the conti- 
nued multiplication of simple equations ; that is to 
say, it explains the truth in its full extent, to which 
Vieta and Girard had been approximating. By 
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Hariwt also, the nwthod of extracting the roots of 
efMrtibits y^m greatly improved ; the smaller let- 
ters of the alphabet, instead of the capital letters 
employed by VietB, were introduced ; and by this 
isffMnevementy trifling, indeed, compared with the 
rest, the form and exterior of algebraic expression 
were brought nearer to these which are now in use. 

I hare bee« the more careful to note very parti- 
cfthRrly the degrees by which the properties of 
equatJiMis were thus nnfelded, because I think it 
forms d» instance hardly paralleled in science, 
where a snccessioTi of able men, vrithout going 
wrong, aiivMtced, nerettheless, so slowly in the dis* 
eovei7 of a truth w&ich, when known, does not 
seem to be of a very hiddlen and abstruse nature. 
Their slow progress arose from this, that they 
worked wish an insCrumeirt, the use of which they 
did not Mly comprehend, and employed a lanr 
guage which expressed more than they were pre- 
pared to understand!; — a languc^e which, under 
the notion, first of negative and then of imitginary 
quantities, seemed to involve such mysteries as the 
accuracy of mathematical science must necessarily 
refuse to admit. 

The distinguished author of whom I have just 
been speaking was bom at Oxford in 1 560. He was 
employed in the second expedition sent out by Sir 
Walter Raleigh to Virginia, and on his return pub- 
lished an account of that country. He aderwards 
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devoted himself entirely to the study of the nmthe- 
matics; and it appears firom some of his manu- 
scripts, lately discovered, that he observed the spots 
of the sun as early as December 1610, not more 
than a month later than Galileo. He also made 
observations on Jupiter's satellites, and on the co- 
mets of 1607» and of 1618. * 

The succession of discoveries, above related, 
l»t)ught the algebraic analysis, abstractly consider- 
ed, into a state of perfection, little short of that 
which it has attained at the present moment. It 
was thus prepared for the step which was about to 
be taken by Descartes, and which forms one of the 
most important epochas in the history of the ma- 
thematical sciences. This was the application of 
the algebraic analysis, to define the nature, and in- 
vestigate the properties, of curve lines, and, conse- 
quently, to represent (he notion of variable quanti- 
ty. It is often said, that Descartes was the first 
who applied algebra to geometry ; but this is inac- 
curate ; for such applications had been made be- 



* The nuuiuBcripts which contain these observations^ and 
probably many other things of great interest^ are preserved 
in the collection of the Earl of Egremont^ having come into 
the possession of his family from Henry Percy Earl of 
Northmnberland, a most liberal patron of science, with 
whom Harriot appears to have chiefly lived after his return 
from Virginia. 
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foTCf particulaiiy by Vieta, in hi& treatise on angu- 
lar sections. The invention just mentioned is the 
undisputed property of Descartes, and opened up 
vast fields of discovery for those who were to come 
after him. 

The work in which this was contained is a tract 
of no more than 306 quarto pages ; and there is 
probably no book of the same size which has con- 
ferred so much and so just celebrity on its author. 
It was first published in 1637* 

In the first of the three books into which the 
tract just mentioned is divided, the author begins 
with the consideration of such geometrical pro^ 
blems as may be resolved by circles and straight 
lines ; and explains the method of constructing al* 
gebraic formulas, or of translating a truth from the 
language of algebra into that of geometry. He 
then proceeds to the consideration of the problem^ 
known among the ancients by the name of the lo* 
cus ad quatuor rectos^ and treated of by Apollo* 
nius and Pappus. The algebraic analysis afforded 
a method of resolving this problem in its full ex- 
tent ; and the consideration of it is again resumed 
in the second book. The thing required is, to find 
the locus of a point, from which, if perpendiculars 
be drawn to four lines given in position, a given 
function of these perpendiculars, in which the va« 
riable quantities are only of two dimensions, shall 
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be always of the aame magnitade.* Descartes 
shows the locos, on this hypothesis, to be always a 
conic section ; and he distinguishes the cases in 
which it iaacirck, an ellipsis, a parabola, or a hy* 
perbola. It was an instance of the most extennve 
investigation which had yet been undertaken in 
geometry, though, to render it a ooBipIete solution 
of the problem, much more detail was doubtless n^ 
cessary. The investigation is extended to the cases 
where the function, which remains the same, k of 
three, four, or five dimensions^ and where the locus 
is a line of a higher order, tho'«^h it may, in cer« 
tain circumstances, become a conic secticm. The 
lines given in position may be more than four, or 
than any given number ; and the lines drawn to 
them may either be perpendiculars, or lines making 
given angles with them. The same aaalysis ^fdies 
to all the cases ; and this problem, therei<Nre, af« 
forded an excellent example of the use cf algebra 
in the investigation of geometrical propositions* 
The author takes notice of the unwillingueas of the 
ancients to transfer the language oi arithmetic into 

« 

* h will eaaly be perceived^ that tbe irordjunction is not 
oontaiaed in the original enunciation of the problem* It Is 
a term but lately introduced into mathematical language, 
and affords here> as on many odier occasions, a more gene- 
ral and more concise expression than could be otherwise ob- 
tained. 
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grometrf, so that thej were forced to have recourse 
to very circuitous methods of expressing those re* 
lations of quantity in which powers beyond the 
tkkd are introduced. Indeed, to deliver investi- 
gation from those modes of expression which in- 
volve the composition of ratios, and to substitute in 
their room ibe muhiplicaition of the numerical mea- 
sures, is of itself a very great advantage, ansing 
from the introduction of algebra mto geometry. 

In this book also, an ingenious method of draw- 
ing tangmts to curves is proposed by Descartes, 
as followii^ from his general prineii^es, and it ia 
an inveaticm with which he appears to have been 
particularly pleased. He says^ '^ Nee verebor di- 
cere problema hoc non modo eorum,^ quae scio, uti- 
lisBimum et generalissimum esse, sed etiam eorum 
qua in geometria scire unquam derideraverim.*' * 
This passage is not a little characteristic of Des-» 
earles» who was very much disposed to think well 
of what he had done himself, and even to sup* 
pose that it conld not easily be rendered more 
perfSeet. The trudi, however, is, that his method 
of drawing tangents is extrenaely operose, and is 
one of those hasty views which, though ingenious 
and even profound, require to be vastly simplified, 
before they can be reduced to practice. Fennat, 
the rival and sometimes the superior of Descartes, 



* Cartesii Oecnietm> p. 40. 
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was far more fortunate with regard to tlus problem^ 
and his method of drawing tangents to curves is 
the same in effisct that has been followed by all the 
geometers since his time^ — ^while that of Descartes, 
which could only be valued when the other was 
unknown, has been long since entirely abandoned. 
The remainder of the second book is occujned with 
the consideration of the curves, which have been 
called the ovals of Descartes, and with some inves- 
tigations concerning the centres of lenses; the 
whole indicating the hand of a great master, and 
deserving the most diligent study of those who 
would become acquainted with this great enlarge- 
ment of mathematical science. , 

The third book of the geometry treats of the 
construction of equations by geometric curves, and 
it also contains a new method of resolving biqua- 
dratic equatbns. 

The leading principles of algebra were now un- 
folded, and the notation was brought, from a mere 
contrivance for abridging common language, to a 
system of symbolical writing, admirably fitted to 
assist the mind in the exercise of thought. 

The happy idea, indeed, of expressing quantity 
and the operations on quantity, by conventional 
symbols, instead of representing the first by real 
magnitudes, and enunciating the second in words, 
could not but make a great change on the nature 
of mathematical investigation. The language of 
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mathematics, whatever may be its form, must al- 
ways consist of two parts ; the one denoting quan- 
tities simply, and the other denoting the manner 
in which the quantities are combined, or the opera- 
tions understood to be performed on them. Geo- 
metry expresses the first of these by real magni- 
tudes, or by what may be called natural signs ; a 
Une by a line, an angle by an angle, an area by an 
area, &c. ; and it describes the latter by words. 
Algebra, on the other hand, denotes both quantity, 
and the operations on quantity, by the same system 
of conventional symbols. Thus, in the expression 
^— a 3? + 6^=0, the letters tf, 6, ^, denote quanti- 
ties, but the terms ^, a^, &c. denote certain 
operations performed on those quantities, as well 
as the quantities themselves; ^ is the quantity 
X raised to the cube ; and cu? the same quantity 
X raised to the square, and then multiplied into 
0, &c. ; the combination, by addition or subtrac* 
tion, being also expressed by the signs + and — . 
Now, it is when applied to this latter purpose 
that the algebraic language possesses such exclusive 
excellence. The mere magnitudes themselves might 
be represented by figures, as in geometry, as well 
as in any way whatever ; but the operations they 
are to be subjected to, if described in words, must 
be set before the mind slowly, and in succession, 
so that the impression is weakened, and the clear 
i^prehension rendered difficult. In the algebraic 
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ezpressioDy on the other faand^ to nuch swaaiag 
k coDcentnted iato a narrow qiace, and the nn* 
presrion ande by all the parts is so simakaneoiB, 
that nothbg can be more fiivouraUe to the cxer'> 
tion of the reasoning powers^ to the continiianee of 
their action, and their secnrity against error. Ano^ 
ther advantage resulting from the use of the same 
notation, consists in the reduction of all the differ^* 
ent relations among quantities to the simptesfc of 
those relations, that of equality, and the expression 
of it by equations. This gives a great facility of 
generalization* and of comparing quantides with 
one another* A third arises> from the substitution 
of the arithmetical operations of multiplication and 
division, for the geometrical^ method of the eompo^ 
sition and resolution of ratios* Of the first of 
these, the idea is so dear, and the woric so simple; 
of the second, the idea is comparatively so obscure, 
and the process so complex, that the snbstitutioii 
of the former for the latter could not but be ae- 
companied wilih great advantage. This m, indeed, 
what constitutes the great diflferenee in practice he* 
tiv^n the algefaraie ani the geometric method of 
treating quantity* When, the quantities are of a 
complex nature^ so as to> go beyond what in algebra 
is called thethird power, the geometrical expression 
Js so ciYeuatous and inpvelved, dial it renders the* 
reasoning most Uborioas and intricate* The great 
facility of generalization in dgtbnii, of dedocinfi; 
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tiuog from another, and of adapting the analy- 
m to •every kwd of research* whether the 4}uaiili^ 
ties he oonstant or variable, finite or infinite, de- 
pends on this prineipk more than any other. Fe«r 
of the early algehiaiilas seem to have been aware of 
theie adrantages. 

The use of the signs plw and mkim has ^ven 
rise to some dispute* Tbeae ^igns Hieve at firit 
nsed lihe one to denote additioo« the other subUno 
iion, and ior a iloog time were .applied to no other 
fvarpose. Bui; as, in the multiplieation df a qinui* 
Ay, ooBBisting of p«t8 connected by diMe aigm. 
into another quantity similarly oomfosad* it was 
aiwaiys iiwrnd, and could be universally demonstrafc- 
^ that, in uniting the particular products of 
which 4lie total was made np, those of which both 
the &ctors had the »gn inimis b^bre them, mnat 
be added into one sum with those of whidi all the 
factors had the sign phis; while those of which 
one of Che factors had the sign jdus^ and the other 
the sign miniis, must be subtracted fram the same^ 
-^is general rule cane to be more simply ex- 
pressed by saying, that ia multtplication tike signs 
gave pb^ and that unlike signs gave minui. 

Hence the signs pbt$ and minus were eounder- 
ed, not as merely denoting die sriaCion of one 
quantity to janothnr placed hefore it» but, by 4 kind 
of ,>Sclro», they were conaidered as denoting quali- 
ties inherent in the quantities to the names of 
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wbich they were prefixed. This fiction was found 
extremely useful, and it was evident that no error 
could arise from it. It was necessary to have a 
rule for determining the sign belongbg to a pro- 
duct, from the signs of the factors composing that 
product, independently of every other considera- 
tion ; and this was precisely the purpose for which 
the above fiction was introduced. So necessary is 
this rule in the generalizations of algebra, that we 
meet with it in Diophantus, notwithstanding the 
imperfection of the language he employed ; for he 
states, that Att^tt into Ait^tg gives * rvo^^n, &c. The 
reduction, therefore, of the operations on quanti- 
ty to an arithmetical form, necessarily involves this 
use of the signs pltis or minus ; that is, their ap- 
plication to denote something like absolute quali- 
ties in the objects they collect together. The at- 
tempts to free algebra from this use of the signs 
have of course fiuled, aud must ever do so, if we 
would preserve to that science the extent and faci- 
lity of its operations. 

Even the most scrupulous purist in mathematical 
language must admit, that no real error is ever in- 
troduced by employing the signs in this most ab- 
stract sense* If the equation <r'+jp^+^«r4-r=o, 
be said to have one positive and two n^ative roots, 
this is certainly as exceptionable an application of 
the term negative^ as any that can be proposed ; 
yet, in reality, it means notjiing but this intelli^ble 
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and simple truth, that ^+/>.i!*+y.r + r=(ijr — a) 

(.r + i)(«^-t- > ^^ ^^^^ ^^^ former of these quan- 
tities is produced by the multiplication of the three 
binomial factors, .r — a, •r+&» a:+c. We might say 
the same nearly as to imaginary roots ; they show 
that the simple factors cannot be found, but that 
the quadratic factors may be found ; and they also 
point out the means of discovering them. 

The aptitude of these same signs to denote con- 
trariety of position among geometric magnitudes, 
makes the foregoing application of them infinitely 
.more extensive and more indispensable. 

From the same source arises the great simplicity 
introduced into many of the theorems and rules of 
the mathematical sciences. Thus, the rule for 
finding the latitude of a place from the sun's meri- 
dian altitude, if we employ the signs pltts and 
minus for indicating the position of the sun and of 
the place relatively to the equator, is enunciated in 
one simple proposition, which includes every case, 
without any thing either complex or ambiguous. 
But if this is not done,-^if the signs plus and 
minus are not employed, there must be at least two 
rules, one when the sun and place are on the same 
side of the equator, and another when they are on 
different sides. In the more complicated calcula- 
tions of spherical trigonometry, this holds still more 
remarkably. When one would accommodate such 
rules to those who are unacquainted with the use 
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of the algebraie s^s, t^ey are periiaps not to be 
ezpreiBed in less than four, or even six different 
pxipositioDs ; whereas, if the use of these signs is 
supposed, the whole is comprehended in a aiiigle 
sentence. In such cases, it is obvious diat both the 
memory and understanding derive gimt advantage 
from the use of the signs, and profit by a simidifi- 
cation, whidi is the work entirely of the algdbraic 
language, and cannot be imitated by any otJier. 

That I might not interrupt the view of improvie- 
ments so closely connected with one another, I 
have passed over one of the discoveries, which does 
the greatest honour to the seventeenth century, 
and which took place near the be^nning of it« 

As the accuracy of astronomical observation had 
been continually advancing, it was necessary that 
the correctness of trigonometrical calculation, and 
of course its difficulty, should advance in the same 
proportion. The sines and tangraits of angles 
could not be expressed with sufficient correctness 
without decimal fractions, extendii^ to five or six 
places below unity, and when to three such num- 
bers a fourth proportional was to be found, the 
work of multiplication and division became extreme- 
ly laborious. Accordingly, in the end of the six* 
teenth century, the time and labour consumed in 
such calculations had become excesnve, and were 
felt as extremely burdensome by the mathemati- 
cians and astronomers all over Europe. Napier of 
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Metehkbant whoie miad semis to havo been peeii« 
liirly tnriidd to iHrithineticil reseaitlies, and who 
vols also deroted te the study of astronomy, had 
early sought for the means of reliering himself and 
Others from this difficulty. He had viewed the 
SBl:gect in a variety of lights, and a number of in- 
genious devices had occurred to him^ by which the 
tediousness of arithmetical operations nligfat, more 
or less completdy, be avoided. In the course of 
these attempts, he did not Ail to observe, that 
whenever the numbers to be multiplied or divided 
were terms of a geometrical progression, the pro« 
duct or the quotient must also be a term of that 
progression, and must occupy a place in it pointed 
out by the places of the given numbers, so that it 
might be found from mere inspection, if the pro^ 
gmssion were far enough continued. If, for in«> 
stance, the third term of the progression were to be 
multiplied by the seventh, the product must be the 
tenths and if the twelfth were to be divided by the 
fourth, the quotient must be the eighth ; so that 
the multiplication and division of such tarms was 
reduced to the addition and subtraction of the 
numbers which indicated their places in the pro^ 
gressioti. 

This observation, or one very similar to ii# was 
made by Archimedes, and was employed by that 
great geometer to convey an idea of a number too 
vast to be correctly expressed by the arithmetical 

VOL. n. ' D 
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notation of the Greeks. Thus far» however, there 
was no difficulty, and the discovery might certainly 
have been made by men much inferior either to 
Napier or Archimedes. What remained to be 
done, what Archimedes did not attempt, and what 
Napier completely performed, involved two great 
difficulties. It is plain, that the resource of the 
geometrical prc^ression was sufficient, when the 
given numbers were terms of that precession ; 
but if they were not, it did not seem that any ad* 
vantage could be derived from it. Napier, how- 
ever, perceived, and it was by no means obvious, 
that all numbers whatsoever might be inserted in 
the progression, and have their places assigned in 
it. After conceiving the possibility of tliis, the 
next difficulty was, to discover the principle, and to 
execute the arithmetical process, by which these 
places were to be ascertained. It is in these two 
points that the peculiar merit of his invention con- 
sists ; and at a period when the nature of series, 
and when every other resource of which he could 
avail himself were so little known, his success argues 
a depth and originality of thought which, I am per- 
suaded, have rarely been surpassed. 

The way in which he satisfied himself that all 
numbers might be intercalated between the terms 
of the given progression, and by which he found 
the places they must occupy, was founded on a 
most ingenious supposition, — that of two points 
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describing two different lines, the one with a con- 
stant velocity r^and the other with a velocity always 
increasing in the ratio of the space the point had 
already gone over : the first of. tliese would gene- 
rate magnitudes in arithmetical, and the second 
magnitudes in geometrical progression. It is plain, 
that all numbers whatsoever would find their places 
among the magnitudes so generated ; and, indeed, 
this view of the subject is as simple and profound 
as any which, after two hundred years, has yet pre- 
sented itself to mathematicians. The mode of de- 
ducing the results has been simplified ; but it can 
hardly be said that the principle has been more 
clearly developed. 

I need not observe, that the numbers which in- 
dicate the places of the terms of the geometrical 
progression ar^ called by Napier the logarithms of 
those terms. 

Various systems of logarithms, it is evident, may 
be constructed according to the geometrical pro- 
gression assumed ; and of these, that which was 
first contrived by Napier, though the simplest, and 
the foundation of the rest, was not so convenient 
for the purposes of calculation, as one which soon 
afterwards occurred, both to himself and his friend 
Briggs, by whom the actual calculation was per- 
formed. The new system of logarithms was an 
improvement, practically considered ; but in as far 
as it was connected with the principle of the inven- 
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tion, it 18 only of seoondaiy oonsidenitioii* The 
original tables had been alio aomevikit embtrraaaed 
by too dose a connection between them and trigOi 
nometry. The new tables were free from this in* 
convenience. 

It is probable, however, that the greatest in- 
ventor in science was never able to do more than 
to accelerate the progress of discovery, and to 
antic^ate what time, '* the author of authors," 
would have gradually brought to light. Though 
logarithms had not been invented by Napjer^ they 
would have been discovered in the progress of the 
algebraic analysis, when the arithmetic of powers 
and exponents, both integral and firaotional, came 
to be fully understood. The idea of considering 
all numbers, as powers of one given number, would 
then have readily occurred, and the doctrine of 
series would have greatly facilitated the calculations 
which it was necessary to undertake. Napier had 
none of these advantages, and they were all sup* 
^ied by the resources of his own mind. Indeed, 
as there never was any invention for which the 
atate of knowledge had less preparetl the way, there 
never was any where more merit fell to the share of 
the inventor. 

His good fortune, also^ not less than his great 
sagacity, may be remarked. Had the Invention of 
logarithms been delayed to the end of the seven- 
teenth century, it would have come about 
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dBnt, and would not have conferred on the author 
the high eelehrity which Napier so justly derivea 
fhnn it. In anoUier respect he has also been for- 
tunate. Many inventions have been eclipsed or 
obscured fay new discoveries ; or they have been so 
altered by subsequent improvements^ that their 
original form can hardly be recognised^ and» in 
some instances, has been entirely forgotten^ This 
has almost always hsqppened to the discoveries made 
at an eariy period in the progress of science^ and 
before their principles were fully unfolded* It has 
been quite otherwise with the invention of loga^ 
rithmSy which came out of the hands of the author 
so perfect^ that it has never received but one ma^ 
teriai impravenienfc» that which it derived, as has 
just been said, from the ingenuity of his friend in 
conjunction with his own. Subsequent impcover 
menta in science, instead of offering any thing that 
could supplant this invention, have only enlarged 
the circle to which its utility extended* Loga- 
rithms have been applied to numberless purposes, 
which were not thought of at the time of their first 
construction. Even the sagacity of their author 
did not see the immense fertility of the principle 
he had discovered j he calculated his tables merely 
to facilitate arithmetical, and chiefly trigonometri- 
cal computation, and little imagined that he was at 
the same time constructing a scale whereon to mea« 
sure the density of the strata of the atmosphere. 
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and the heights of mountains ; that he was actual- 
ly computing the areas and the lengths of innumer- 
able curves, and was preparing for a calculus which 
was yet to be discovered, many of the most refined 
and most valuable of its resources. Of Napier, 
therefore, if of any man, it may safely be pro- 
nounced, that his name will never be eclipsed by 
any one more conspicuous, or his invention super* 
seded by any thing more valuable. 

As a geometrician, Napier has left behind him a 
noble monument in the two trigonometrical theo- 
rems, which are known by his name, and which ap- 
pear first to have been communicated in writing to 
Cavalieri, who has mentioned them with great eu- 
logy. * They are theorems not a little difficult, 
and of much use, as being particularly adapted to 
logarithmic calculation. They were published in 
the Canon MirificusLogarithmorum, at Edinbui^h, 
in 1614. t 

• Wallis, Opera Math. Tom. II. p. 875. 

f A reprint of the Canon Mirificus, from the original edi- 
tion, is given in the 6th Volume of the great Thesaurus, in 
which Baron Maseres, with his usual zeal and intelligence, 
has collected and illustrated everything of importance that 
has been written on the subject of logarithms. See Scrips 
tores Logarithmid, 4to. Vol. VI. p. 475' 
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Section II. 

EXPERIMENTAL INVESTIGATION. 

In this section I shall begin with a short view 
of tbe state of Physical Knowledge before the in- 
troduction of the Inductive Method ; I shall next 
endeavour to explain that method by an analysis of 
the Novum Organtim ; and shall then inquire 
how far the principles established in that work 
have actually contributed to the advancement of 
Natural Philosophy, 



1. Ancient Physics. 

Though the phenomena of the material world 
could not but early excite the curiosity of a being 
who^ like man, receives his strongest impressions 
from without, yet an accurate knowledge of those 
phenomena, and their laws, was not to be speedily 
acquired. The mere extent and variety of the ob- 
jects were, indeed, such obstacles to that acquisi- 
tion, as could not be surmounted but in the course of 
many ages. Man could not at first perceive from 
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what point he must begin his inquiries, in what di- 
rection he must carry them on, or by what rules he 
must be guided. He was like a traveller going 
forth to explore a vast and unknown wilderness, in 
which a multitude of great and interesting objects 
presented themselves on every side, while there 
was no path for him to follow, no rule to direct his 
survey, and where the art of observing, and the in- 
strumonts of observation, must equally be the work 
of his own invention. In these circumstances, the 
selection of the objects to be studied was the effect 
<^ instinct rather than of reason, or of the passions 
and emotions more than of the understanding. 
When things new and unlike those which occurred 
in the course of every day's experience presented 
themselves, they excited wonder or surpriae, and 
created an anxiety to discover some principle which 
might connect them with the appearances common- 
ly observed. About these last, men felt no desire 
to be farther informed ; but when the common or- 
^r of thinga wa^ violated* aud something new or 
lingular waa product, they began to examine inta 
the iaet> wd attcowpted to inquii*e into the causes 
Nobody mwghi to know why a stou9 kl\ to the 
groundf why smoke «9Cjmd?d» or why the staro re^ 
volved round the earth* But if a fiery meteor 
shot across the he»veiMw^f thfi flames of a volcwo 
burst fortb,«^^r if an earthqus^e shook the foiui« 
dationa of the world» terror and curiosity were 
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both awakened ; and when the former emotion had 
luhttdedf the hitter was sure to become activot 
Thus, to trace a resemblance between the events 
with which the observer was most familiar, and 
those to which he was lew accustomed, and which 
had excited his wonder, was the first object of in«^ 
quirj , and produced the first advances towards go* 
neralization and philosophy. * 

This principle» which it were easy to trace, from 
tribes the most rude and barbarous, to nations the 
most highly refined, was what yielded the first at- 
tempts toward classification and arrangement, and 
enaUed man, out of individuals, subject to perpe- 
tual change, to form certain fixed and permanent 
objects of knowledgCf-^the species, genera, ordersi 
and classes, into which he has distributed these in- 
dividuals« J3y this effiirt of mental abstraction, he 
has created to himself a new and intellectual worldy 
ftee fh>m those changes and vicissitudes to which 
all material things are destined. This, too, is a 
WQik not peculiar to the philosopher, but, in a cer- 
tain degree, is performed by every man who com- 
pares one thing with another, and who employs the 
terms of ordinaiy language* 



* La maraviglia 
Dell* ignoranza 6 la figKa^ 
E del iapere 
La nuadre. 
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Another great branch of knowledge is occupied, 
not about the mere arrangement and clasufication 
of objects, but about events or changes, the laws 
which those changes observe, and the causes by 
which they are produced. In a science, which 
treated o£ events and of change, the nature and 
properties of motion came of course to be studied, 
and the ancient philosophers naturally enough be« 
gan their inquiries with the definition of motion, 
or the determination of that in which it consists. 
Aristotle's definition is highly characteristical of 
the vagueness and obscurity of his physical specu- 
lations. He calls motion " the act of a being in 
power, as far as in power,''— »words to which it is 
impossible that any distinct idea can ever have 
been annexed. 

The truth is, however, that the best definition 
of motion can be of very little service in physics. 
Epicurus defined it to be the '' change of place," 
which is, no doubt, the simplest and best definition 
that can be given ; but it must, at the same time, 
be confessed, that neither he, nor the modems who 
have retained his definition, have derived the least 
advantage from it in their subsequent researches. 
The properties, or, as they are called, the laws of 
motion, cannot be derived from mere definition ; 
they must be sought for in experience and obser- 
vation, and are not to be found without a diligent 
comparison, and scrupulous examination of facts. 
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Of such an examination, neither Aristotle, nor 
any other of the ancients, ever conceived the ne- 
cessity, and hence those laws remained quite un- 
known throughout all antiquity. 

When the laws of motion were unknown, the 
other parts of natural philosophy could make no 
great advances. Instead of conceiving that there 
resides in bodi/ a natural and universal tendency 
to persevere in the same state, whether of rest, or 
of motion, they believed that terrestrial bodies tend- 
ed naturathf either to fall to the ground, or to 
ascend from it, till they attained their own place ; 
but that, if they were impelled by an oblique force, 
then their motion became unnatural or violent^ and 
tended continually to decay. With the heavenly 
bodies, again, the natural motion was circular and 
uniform, eternal in its course, but perpetually va- 
rying in its direction. Thus, by the distinction 
between natural and violent motion among the bo- 
dies of the earth, and the distinction between what 
we may call the laws of motion in terrestrial and 
celestial bodies, the ancients threw into all their 
reasonings upon this fundamental subject a confu- 
sion and perplexity, from which their philosophy 
never was delivered. 

There was, however, one part of physical know- 
ledge in which their endeavours were attended with 
much better success, and in which they made im- 
portant discoveries. This was in the branch of 
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Mechanica, which treats of the action of forces in 
eqtnlibrioi and producing not motion but reftt}-*-Hi 
subject which may be understood, though the laws 
of motion are unknown* 

The first writer on this subject is Archimedes. 
He treated of the le^er, and of the centre of gm-^ 
▼ity, and has shown that there will be an equili* 
farium between two heavy bodies connected by an 
inflexible rod or lever, when the point in which 
the lever is supported is so placed between the 
bodies, that their distances from it are inversely 
as their weights. Great ingenuity is displayed in 
this demonstration \ and^it is rraiurkable, that the 
author borrows no principle from experiment, but 
establishes his ooncluaioii entirely by reasoniiig a 
priarL He assumes, indeed, that equal bodies, at 
the ends of the equal arms of a lever, will balance 
one another ; and also, that a cylinder, or paral* 
lelepiped of homogeneous matter, will be balanced 
slmut its centre of magnitade« These, however^ 
are not inferences from experience ; they are, pro- 
periy speaking, conclusions deduced from the prin- 
ciple of the sufficient reasotu 

The same great geometer gave a beginning to 
the science of Hydrostatics, and discovered the law 
which determines the loss of weight sustained by a 
body on beie^ hmnersed in water, at in any other 
fluid. His demonstration rests on a principle, 
which he lays down as a postulatum, that, in water. 
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tbi6 parts which are less pressed are always ready 
to yield in any direction to those that are more 
pi^ssedi and from this, by the application of ma« 
thematical reasoning, the whole theory of floating 
bodies is derived* The above is the same princi- 
ple on which the modem writers on hydrostatics 
proceed } they give it not as a postulatum, but aa 
oonstitutmg the definition of a^ fluid. 

Archimedes, therefore, is the person who first 
made the application of mathematics to natural 
philosophy* No indindual, perhaps, ever laid the 
foundation of more great discoveries than that 
geometer, of whom Wallis has said with so much 
truth, <^ Vir stupendie sagacitatis, qui prima ftin«- 
dameata pos^ inventionum fer6 omnium in qui* 
bus promovendis stas nostra gloriatur/' 

' The mechanical inquiries, b^un by the geome* 
ter of Syracuse, were extended by Ctembius and 
Hero ; by Anthmnius of Tralles ; and, lastly, by 
Pi^us Alexandrinus* Ctesibius and Hero were 
the first who analysed mechanical engines, reduc* 
ing them all to combinations of five eimple me- 
chanical contrivances, to which they gave the name 
of Ama^K, or Fdwers, the same which they retain 
at the present moment. 

Even in mechanics, however, the success of these 
investigations was limited ; and failed in those 
cases where the resolution of forces is necessary, 
that principle being then entirely unknown^ Hence 
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the force necessary to sustain a body on an inclin- 
ed plane, is incorrectly determined by Pappus, and 
serves to mark a point to which the mechanical 
theories of antiquity did not extend. 

In another department of physical knowledge, 
Astronomy, the endeavours of the ancients were 
also accompanied with success. I do not here 
speak of their astronomical theories, which were, 
indeed, very defective, but of their discovery of the 
apparent motions of the heavenly bodies, from the 
observations begun by Hipparchus, and continued 
by Ptolemy. In this their success was great; and 
while the earth was supposed to be at rest, and 
while the instruments of observation had but a very 
limited degree of accuracy, a nearer approach to 
the truth was probably not within the power of 
human ingenuity. Mathematical reasoning was 
very skilfully applied, and no men whatever, in 
the same circumstances, are likely to have perform- 
ed more than the ancient astronomers. They suc- 
ceeded, because they were observers, and examin- 
ed carefully the motions which they treated of. 
The philosophers, again, who studied the motion 
of terrestrial bodies, either did not observe at all, 
or observed so slightly, that they could obtain nd 
accurate knowledge, and in general they knew 
just enough of the facts to be misled by them* 

The opposite ways which the ancients thus took 
to study the Heavens and the Earth, observing the 
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one, and dreaming, as one may say, over the otber^ 
though a striking inconsistency, is not difficult to 
be explained. 

No information at all could be obtained in as- 
tronomy, without regular and assiduous observa- 
tion, and without instruments capable of measuring 
angles, and of measuring time, either directly or 
indirectly. The steadiness and regularity of the 
celestial motions seemed to invite the most scrupu- 
lous attention. On the other hand, as terrestrial 
objects were always at hand, and spontaneously 
falling under men's view, it seemed unnecessary to 
take much trouble to become acquainted with them, 
and as for employing measures, their irregularity 
appeared to render every idea of such a proceeding 
nugatbry. The Aristotelian philosophy particu- 
larly ^voured this prejudice, by representing the 
earth, and all things on its surface, as full of irre- 
gularity and confusion, while the principles of 
heat and cold, dryness and moisture,' were in a state 
of perpetual war&re. The unfortunate division of 
motion into natural and violent, and the distinc- 
tion, still more unfortunate, between the proper- 
ties of motion and of body, in the heavens and on 
the earth, prevented all intercourse between the 
astronomer and the naturalist, and all transference 
of the maxims of the one to the speculations of the 
other. 

Though, on account of this inattention to expe- 
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riment, nothing like the trae eyitem of natnnl 
philosophy was known to the ancients, there nne> 
nevertheless, to be found in their writings many 
brilliant conceptions, several fortunate conjectures, 
and gleams of the light which was afterwards to be 
so generally diffiised* 

Anaxagoras and Empedocles, for example, taught 
that the moon shines by light borrowed from the 
sun, and were led to that opinion, not only from 
the phases of the moon, but from its light beii^ 
weak, and unaccompanied by heat. That it was • 
habitable body, like the eartli, i^pears to be • doc- 
trine as old as Orpheus ; some lines, ascribed to 
that poet, representing the moon as an earthy with 
mountains and cities on its surface* 

Democritus supposed the spots on the fiwe of 
the moon to arise from the inequalities of the smr« 
ftce, and from the shadows of the more elevated 
parts projected on the plains. Every one knows 
how conformable this is to the discoveries made by 
the telescope* 

Plutarch considers the velocity of the moon's 
motion as the cause which prevents that body 
from falling to the earth, just as the motion of a 
stone in a sling prevents it from falling to the 
ground. The comparison is, in a certain degree, 
just, and clearly implies the notion of centrifugal 
force ; and gravity may also be considered as points 
ed at for the cause which gives the moon a ten- 
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dency to the earth. Here, therefore, a foundation 
W8S laid for the true philosophy of the celestial 
motions ; but it was laid without e£Pect. It was 
merely the conjecture of an ingenious mind, wan* 
dering through the r^ons of possibility, guided 
by no evidence, and having no principle which 
could give stability to its opinions. Democritus, 
and the authors of that physical system which Lu- 
cretius has so beautifully illustrated, were still 
more fortunate in some of their conjectures. They 
taught that the Milky Way is the light of a great 
number of small stars, very close to one another ; 
a magnificent conception, which the latest improve- 
ments of the telescope have fully verified. Yet, as 
if to convince us that they derived this knowledge 
from no pure or certain source, the same philoso- 
phers maintained, that the sun and the moon are 
bodies no larger than they appear to us to be. 

Very just noti<ms concerning comets were enter- 
tamed by some of the ancients. ' The Chaldeans 
considered those bodies as beloi^ing to the same 
order with the planets ; and this was also the opi- 
nion of Anaxagoras, Pythagoras, and Democritus. 
The remark of Seneca on this subject is truly phi- 
losophical, and contains a prediction which has 
been fully accomplished : '* Why do we wonder 
that comets, which are so rare a spectacle in the 
world, observe laws which to us are yet unknown, 
and that the beginning and end of motions, f^ sel- 

VOL.. 11. E 
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dam obnrredy are not yet fully understood ?''-— 
Veniet tempus^ quo ista qtnte nunc latent^ m lucem 
efei estroAatf et longtons asvi diligentia : ad tn- 
qumtionem tantarum cBtas una non sufficiL Ve^ 
met tempus, quo posteri nostri tarn aperta nos ne« 
seisse mirentur. * 

It wasy however, often the fiite of such truths to 
ghre way to error. The comets, which these an« 
oient philosophers had ranked so justly with the 
stars, were d^raded by Aristotle into meteors 
floating in the earth's atmosphere ; and this was 
the opinion concerning them which ultimately pre- 



But, notwithstanding the aboTC, and a few other 
^endid conceptions which shine through the ob* 
scurity of the ancient physics, the system, taken on 
the whole, was full of error and inconsistency. 
Truth and fiikehood met almost on terms of equali- 
ty i the former separated from its root, experience, 
found no preference above the latter ; to ihe latter, 
in fact, it was generally forced to give way, and 
the dominion of error was finally established. 

One ought to listen, therefore, with caution to the 
encomiums sometimes bestowed on the philosc^hy of 
those early ages. If these encraaiums respected only 
the talents, the genius, the taste of the great masters 
of antiquity, we would subscribe to diem without any 



* Nat. QuKJ^t. Lib. vii, c. 25. 
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^jN-ehenaion of going beyond the truth* But if 
they extend to' the m^ods of philosophising, and 
the diseoverieft actually made, we must be excused 
fiir entering our diasent, and exchangkig the lan- 
guage of panegyric for that of apology. The in« 
fincy of science could not be the time when its atf 
tainments were the highest ; and, before we suffer 
onrsdYes to be guided by the veneration of anti- 
quity, we ought to consider in what real antiquity 
consists. With regard to Uie progress of know- 
ledge and improvement, '^ we are more ancient 
than those who went before us." * The human 
noe has now more experience than in the genera- . 
tions that are past, and of course may be expected 
to bave made higher attainments m science and 
philosophy. Compared with natural ^bilosophy, aa 
it now exists, the ancient physics are rude and im- 
perfect. The speculations contained in them are 
vague and unsatisfactory, and of little value, but aa 
they elucidate the history of the errors and illu- 
sions to which the human mind is subject. Science 
was not merely stationary, but often retrograde ; 
the earliest opinions were frequently the best ; and 
the reasonings of Democritus and Anaxagoras 
were in many instances more solid than those of 
Plato and Aristotle. Extreme credulity disgraced 
the peculations of men who, however ingenious, 

• Bacon. 
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were little acquainted with the laws of nature, and 
unprovided with the great criterion by which the 
evidence of testimony can alone be examined. 
Though observations were sometimes made, expe- 
riments were never instituted; and philosophers^ 
who were little attentive to the facts which sponta- 
neously offered, did not seek to increase their num* 
ber by artificial combinations. Experience, in 
those ages, was a light which darted a few tremu- 
lous and uncertain rays on some small portions of 
the field of science, but men had not acquired the 
power over that light which now enables them to 
concentrate its beams, and to fix them steadily on 
whatever object they wish to examine. Thia 
power is what distinguishes the modem phydcs, 
imd is the cause why later philosophers, without 
being more ingenious than their predecessors, have 
been infinitely m<n« successful in the study of na- 
ture. 



2. Novum Ouganum. 

The defects which have been ascribed to the 
ancient physics were not likely to be corrected in 
the course of the middle ages. It is true, that, 
during those ages, a science of pure experiment 
had made its appearance in the world, and might 
have been expected to remedy the greatest of these 
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defects, by turning the attention of philosophers to 
experience and observation. This e£fect» however, 
was far from being immediately produced; and 
none who professed to be in search of truth ever 
wandered over the regions of £uicy, in paths more 
devious .and eccentric, than the first experimenters 
in chemistry. They had become acquainted with 
a series of facts so unlike to any thing already 
known, that the ordinary [Nrinciples of belief were 
shaken or subverted, and the mind laid open to a 
degree of credulity &r beyond any with which the 
philosophers of antiquity could be reproached. An 
unlooked-for extension of human power had taken 
place; its limits were yet unknown; and the 
boundary between the possible and the impossible 
was no longer to be distinguished. The adven- 
tureni in an unexplored country, given up to the 
guidance of imagination, pursued objects which the 
kindness, no less than the wisdom of nature, have 
rendered unattainable by man ; and in their spe- 
culations peopled the air, the earth, and all the ele- 
ments, with spirits and genii, the invisible agents 
destined to connect tc^ether all the facts which 
they knew, and all those which they hoped to dis- 
cover.. Chemistry, in this state» might be said to 
have an elective attraction for all that was most 
absurd and extravagant in the other parts of know- 
ledge ; alchemy was its immediate offipringi and it 
allied itself in succession with the dreams of the 
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CabbiiliBtt, the RoMcmciaiiB^ and the Theosopheni^ 
Thus a science, founded in experiment, and des* 
tined one day to aflford such noble examples of its 
uae, exhibited for serend ages little else than a 
series of illusory pursuits, or visionary speculations, 
while now and then a foct was accidentally disco* 
vered. 

Under the influence of these circumstances arose 
Paracelsus, Van Helmont, Fludde, Cardan, and 
sereral others, conspicuous no less for the weakness 
than the force of .their understandings : men who 
united extreme credulity, the most extravagant 
.pretensions, and the most excessive vanity, with 
considerable powers of invention, a complete con- 
tempt for authority, and a desire to consult expe- 
rience ; but destitute of the judgment, patience, 
md comprehensive views, without which the re* 
qK>nses of that oracle are never to be understood* 
Though they appealed to experience, and disclaim* 
ed sulijection to the old legislators of science, they 
were in too great haste to become legislators them*- 
selves, and to deduce an explanation of the whole 
phenom^ia of nature from a few facts, observed 
without accuracy, arranged without skill, and nev^ 
compared or confronted with one another. Fortu- 
nately, however, from the turn which their inqui- 
ries had taken, the ill done by them has passed 
away, and the good has become permanent. The 
reveries of Paracelsus have disappeared, but his ap- 
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pUeation of chemistry to pharmacy has conferred a 
lasting benefit on the world. The Arcfusus of 
Van Hehnont, and the army of ^iritual agents 
with which the discovery of elastic fluids had filled 
the imagination of that celebrated empirk, are 
laughed at, or forgotten ; but the fluids which he 
had the sagacity to distinguish, form, at the pre* 
sent moment, the ccmnecting principles of the new 
chemistry* 

Earlier than any of the authors just named, but 
in a great measure under the influence of the same 
delusions, Roger Bacon appears to have been more 
fully aware than any of them of the use of experi* 
ment, and of mathematical reasoning, in physical 
and mechanical inquiries. But, in the thirteenth 
century, an appeal from the authority of the schools, 
even to nature herself, could not be made with im* 
punity. Bacon, accordingly, inciured the displei^ 
sure both of the University and of the Churchy 
and this forms one of his claims to the respect of 
posterity, as it is but fair to consider persecution 
inflicted by the ignorant and bigoted as equivalent 
to praise bestowed by the liberal and enlightened. 

Much more recently, Gilbert, in his treatise on 
the Magnet, had given an example of an experi. 
mental inquiry, carried on with more correctness, 
and more enlai^ed views, than had been done by 
any of his predecessors. Nevertheless, in the end 
of the sixteenth century, it might still be affirmed. 
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that the situation of the gieat avenue to knowledge 
was fully understood by none, and that its exist* 
enoe, to the bulk of philosophers, was utterly un- 
known* 

It was about this time that Francis Bacon (Loxd 
Verulam) b^an to turn his powerful and creative 
mind to contemplate the state of human knowledge, 
to maik its imperfections, and to plan its improve* 
ment. One of the considerations which appears to 
have impressed his mind most forcibly, was the 
vagueness and uncertainty of all the physical spe- 
culations then existing, and the entire want of con- 
nection between the sciences and the arts. 

Though these two things are in their nature 
so closely united, that the same truth which is a 
principle in science, becomes a rule in art, yet 
there was at that time hardly any practical improve- 
ment which had arisen from a theoretical discovery. 
The natural alliance between the knowledge and 
the power of man seemed entirely interrupted ; no** 
thing was to be seen of the mutual support which 
they ought to afford to one another ; the improve- 
ment of art was left to the slow and precarious 
operation of chance, and that of science to the col- 
lision of opposite opinions. 

<* But whence,*' said Bacon, <' can arise such 
vagueness and sterility in all the physical systems 
which have hitherto existed in the world ? It is 
not certainly from any thing in nature itself ; for 
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the steadiness and r^nlanty of the laws by which 
it is gOTemed 'clearly mark them out as objects of 
certain and precise knowledge. Neither can it 
arise from any want of ability in those who have 
pursued such inquiries^ many of whom have been 
men of the highest talent and genius of the ages 
in which they lived ; and it can, therefore, arise 
from nothing else but the perverseness and insuf- 
ficiency of the methods that have been pursued. 
Men have sought to make a worid from their own 
conceptions, and to draw from their own minds all 
the materials which they employed ; but if, instead 
of doing so, they had consulted experience and ob- 
servation, they would hiive had facts, and not opi- 
nions, to reason about, and might have ultimately 
arrived at the knowledge of the laws which govern 
the material world/' 

'< As things are at present conducted," he adds, 
** a sudden transition is made from sensible objects 
and particular facts to general propositions, which 
are accounted principles, and round which» as 
round so many fixed poles, disputation and argu- 
ment continually revolve. From the propositions 
thus hastily assumed, all things are derived, by a 
process compendious and precipitate, ill suited to 
discovery, but wonderfully accommodated to de- 
bate. The way that promises success is the reverse 
of this. It requires that we should generalize 
slowly, going fit>m particular things to those that 



74 MATHEMATICAL AND 

are but one step more general ; from those to 
others of still greater extent, and so on to such as 
are universal. By such means, we may hope to 
arriye at principles, not vague and obscure, but la- 
mtnous and well-defined, such as nature hersdf 
will not refuse to acknowledge." 

Before laying down the rules to be observed in 
this inductive process, Bacon proceeds to enome* 
rate the causes of error,-^he Idoh^ as he terms 
them, in his figurative language, or false divinities 
to which the mind had. so long been accustomed to 
bow. He considered this enumeration as the more 
necessary, that the same idols were likely to return, 
even after the reformation of science, and to avail 
themselves of the real discoveries that m^t have 
been made, for giving a colour to their deceptions. 

These idols he divides into four classes, to which 
he gives names, fantastical, no doubt, but, at the 
same time, abundantly significant. 

Idola Tribus, Idols of the Tribe. 

 ■■' Specus, — - of the Den. 

Fori, — - of the Forum. 

Theatri, of the Theatre. 



1. The idok qf the tribes or of the race, are 
the causes of error founded on human nature in 
general, or on principles common to all mankind. 

*^ The mind,'* he observes, '< is not like a plane 

11 
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minor, which reflects the images of things exactly 
as thej are ; it is like a mirror o£ an uneTen siir* 
6ce, which combines its own figure with the figmres 
of the objects it reporesents.'' * 

Among the idols of this class, we may reckon 
the propensity which there is in all men to find in 
nature a greater d^ree of order, simplicity, and re- 
gularity, than is actually indicated by obsenration. 
Thus, as soon as men perceived the orbits of the 
planets to return into themselves, they immediate* 
ly supposed them to be perfisM^ circles, and the mo* 
tion in those circles to be uniform ; and to these 
hypotheses, so rashly and gratuitously assumed, 
the astronomers and mathematicians of all antiqui* 
ty laboured incessantly to reconcile their observa* 
tions. 

The propensity which Bacon has here character* 
ised so well, is the same that has been, since his 
time, known by the name of the sjnrit of system. 
The prediction, that the sources of error would le* 
turn, and were likely to infest science in its most 
flourishing condition, has been fidly verified with 
respect to this illusion, and in the case of sciences 
which had no existence at the time when Bacon 
wrote. When it was ascertained, by observation, 
that a considerable part of the earth's surface con* 
sists of minerals, dii^osed in horizontal strata, it 

 Novum Organuno, Lib. i. Aph. 4?1. 
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was immediately concluded, that the whole exterior 
crust of the earth is composed, or has been com* 
posed, of such strata, continued all round without 
interruption ; and on this, as on a certain and ge- 
neral fact, entire theories of the earth have been 
constructed. 

There is no greater enemy which science has to 
stni^le with than this propensity of the mind ; 
and it is a struggle from which science is never 
likely to be entirely relieved; because, unfortunate- 
ly, the illusion is founded on the same principle 
from which our love of knowledge takes its rise. 

2. The idols qf the den are those that spring 
from the peculiar character of the individual. Be- 
sides the causes of error which are common to all 
mankind, each individual, according to Bacon, has 
his own dark cavern or den, into which the light 
is imperfectly admitted, and in the obscurity of 
which a tutelary idol lui^s, at whose shrine the 
truth is often sacrificed. 

One great and radical distinction in the capaci- 
ties of men is derived from this, that some minds 
are best adapted to mark the differences, others to 
catch the resemblances, of things. Steady and 
profound understandings are disposed to attend 
carefully, to proceed slowly, and to examine the 
most minute differences } while those that are su- 
blime and active are ready to lay hold of the 
slightest resemblances. Each of these easily runs 
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into excess ; tbe one by catching continually at 
distinctions, the other i^ affinities* 

The stndiesy also, to which a man is addicted, 
have a great eflfect in influ^cing his opinions. 
Bacon complains, that the chemists of his time, 
from a few experiments with the fiimace and the 
cmcible, thought that they were furnished with 
principles sufficient to explain the structure of the 
universe ; and he censures Aristotle for having de- 
praved his phyacs so much with his dialectics, as to 
render the former entirely a science of words and 
controversy. In like manner, he blames a philo- 
sopher of his own age, Gilbert, who had studied 
magnetism to good purpose, for having proceeded 
to form out of it a general system of philosophy. 
Such things have occurred in every period of 
science. Hius electricity has been applied to ex* 
plain the motion of the heavenly bodies ; and, o£ 
late, galvanism and electricity together have been 
held out as explaining, not only the affinities of 
chemistry, but the phenomena of gravitation, and 
the laws of v^^etable and animal life. It were 
a good caution for a man who studies nature, 
to distrust those things with which he is particu- 
larly conversant, and which he is accustomed to 
contemplate with pleasure. 

3. The idols qf the forum are those that arise 
out of the commerce or intercourse of society, and 
especially from language, or the means by which 
men communicate their thoughts to one another. 
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Men belieye that their thoughts govern their 
words } but it also happens, by a certain kind of 
reaction, that their words frequently govern their 
thoughts. This is the more pernicious, that words, 
being generally the work of the multitude, divide 
things according to the lines moat coo^icuous to 
vulgar ^prehensions. Hence, when words aie 
examined, few instances are found in which, if at 
all abstract, they convey ideas tolerably precise wd 
well defined. For such imperfections there seems 
to be no remedy, but by having recourse to parti- 
cular instances, and diligently comparing the mean* 
ings of words with the external archetypes from 
which they are derived. 

4. The idois of the theatre are the last, and are 
tike deceptions which have taken thdr rise from 
the systems or dogmas of the different schools of 
philosophy. In the opinion of Bacon, as many of 
tliese systems as had been invented, so many re- 
presttitations of imaginary worlds had been brought 
upon the stage. Hence the name of idola theatri. 
They do not enter the mind imperc^ibly like the 
other three ; a man must labour to acquire them, 
aiid they are often the result of great learning and 
study. 

'* Philosophy,'' said he, *' as hitherto pursued, 
has taken much from a few things, or a little from 
a great many ; and« in both caseo, has too narrow 
a basis to be of much duration or utility.'' The 
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Aristotelian philosophy is of the latter kind ; it has 
taken its principles irom common experience^ but 
without due attention to the evidence or the pre- 
cise nature of the facts ; the philosopher is left 
to work out the rest from his own invention. 
Of this kind, called by Bacon the soptu$tical^ were 
almost all the physical systems of antiquity. 

When philosophy takes all its princijdes from a 
few facts, he calls it empirical^ — such as was that 
of Grilbert, and of the chemists* 

It should be observed, that Bacon does not charge 
the physics oi antiquity with being absolutely re- 
gardless of experiment. No system, indeed, how* 
ever fantastical, has ever existed, to which that re- 
proach could be applied in its full extent ; because, 
without some regard to fiict, no theory can ever be- 
come in the least degree plausible. The fault lies 
not, therefore, in the absolute rejection of experi- 
ence, but in the unddlfiii use of it ; in taking up 
principles lightly from an inaccurate and careless 
observation of many things ; or, if the observations 
have been more accurate, from those made on a 
few fiicts, unwarrantably generalized. 

Bacon proceeds to point out the circumstances, 
in the history of the world, which had hitherto fa- 
voured these perverse modes of philosophizing. 
He observes, that the periods during which sci- 
ence had been cultivated were not many, nor of l<Hig 
duration. They might be reduced to three ; the 
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first with the Greeks ; the second with the Romans} 
and the third with the western nations^ after the 
revival of letters. In none of all these periods had 
much attention been paid to natural philosophy, the 
great parent of the sciences. 

With the Greeks, the time was very short dur« 
ing which phyncal science flourished in any d^ee. 
The seven Sages, with the exception of Thales, ap« 
plied themselves entirely to morals and politics ; 
and in later times, after Socrates had brought 
down philosophy from the heavens to the earth, 
the study of nature was generally abandoned* In 
the Roman republic, the knowledge most cultivat- 
ed, as might be expected among a martial and am* 
bitious people, was such as had a direct reference 
to war and politics. During the empire, the in« 
troduction and establishment of the Christian reli- 
gion drew the attention of men to theological stu- 
dies, and the important interests which were then 
at stake left but a small share of talent and ability 
to be occupied in inferior pursuits* The corrup- 
tions which followed, and the vast hierarchy which 
assumed the command both of the sword and the 
sceptre, while it occupied and enslaved the minds 
of men, looked with suspicion on sciences which 
could not easily be subjected to its control. 

At the time, therefore, when Qacon wrote, it 

might truly be said, that a small portion even of 

N the learned ages, and of the abilities of learned men, 

8 
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had been dedicated to the study of Nataral Philo • 
sophy. This served, in his opinion, to account 
for the imperfect state in which he found human 
knowledge in general ; for he thought it certain, 
that no part of knowledge could attain much excel- 
lence without having its foundation laid in physi- 
cal science* 

He goes on to observe, that the end and object 
of knowledge had been very generally misbdcen ; 
that many, instead of seeking through it to improve 
the condition of human life, by new inventions and 
new resources, had aimed only at popular applause, 
and had satisfied themselves with the knowledge of 
words more than of things : while others, who were 
exceptions to this rule, had gone still farther wrong, 
by directing their pursuits to objects imaginary and 
unattainable. The alchemists, for example, alter- 
natdy the dupes of their own credulity and of their 
own imposture, bad amazed and t<»mented tl^ 
world with hopes which wero never to be realized. 
Others, if possible more visionary, had promised to 
prolong life, to extinguish disease and infirmity, 
and to ^e man a comnuind over the world of spi- 
rit8» by means of mystic incantations* *' All this,'* 
says h^ *^ is the mere boasting of ignorance ; for, 
when the knowledge of naturo shall be rightly pur- 
sued, it will lead to discoveries that will as for ex- 
cel tibe pretended powers of magic, as the real- 
exploits of Ciesfur and Alexander exceed the fabu- 

VOL. II. F 
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lous adventures of Arthur of Britain, or Amadis of 
Gaul/'* 

Again, the reverence for antiquity, and the au- 
thority of great names, have contributed much to 
retard the progress of science. Indeed, the notion 
of antiquity which men have taken up seems to be 
erroneous and inconsistent. It is the duration of 
the world, or of the human race, as reckoned from 
the extremity that is past, and not from the point 
of time which is present, that constitutes the true 
antiquity to which the advancement of science may 
be conceived to bear some proportion ; and just as 
we expect more wisdom and experience in an old 
than in a young man, we may expect more know- 
ledge of nature from the present than from any of 
the ages that are past. 

<* It is not to be esteemed a small matter in this 
estimate, that, by the voyages and travels of these 
later times, so much more of nature has been disco- 
vered than was known at any former period. It 
would, indeed, be disgraceful to mankind, if, after 
such tncts of the material world have been laid 
open, which were unknown in former times,— so 
many seas traversed, — so many countries explored, 
— so many stars discovered,— that {diilosophy, or the 
intelligible world, should be circumscribed by the 
same boundaries as before/' 

* Nov. Org. Lib. i. Aph. 87« 
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Another cause has greatly obstructed the pro- 
gress of philosophy, viz. that men inquire only into 
the causes of rare, extraordinary, and great pheno« 
mena, without troubling themselves about the ex- 
planation of such as are common, and make a part 
of the general course of nature. * It is, however, 
certain, that no judgment can be formed concern- 
ing the extraordinary and singular phenomena of 
nature, without comparing them with those that are 
ordinary and frequent 

The laws which are every day in action, are 
those which it is most important for us to under- 
stand ; and this is well illustrated by what has hap- 
pened in the scientific world since the time when 
Bacon wrote. The simple falling of a stone to the 
ground has been found to involve principles which 
are the basis of all we know in mechanical philoso- 
phy. Without accurate experiments on the descent 
of bodies at the surface of the earth, the objections 
against the earth's motion could not have been an* 
swered, the inertia of body would have remained 
unknown, and the nature of the force which retains 
the planets in their orbits could never have been 
investigated. Nothing, therefore, can be more out 
of its place than the fastidiousness of those philoso- 
phers, who suppose things to be unworthy of study, 
because, with respect to ordinary life, they are tri- 

, * Nov. Org. Lib. i. Aph. ll^. 
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vial and uDinqportant. It ia an error of the same 
aoit which leads men to ooiiflider expmment, and 
the actual t^lication of the handB» as miworthy of 
them^ and uidiecoroing of die dignity of science. 
^* There are some/' says Baoon^ <^ who» delighting 
in mere contempiatioBt are offended with our fre- 
if^BOt reference to experiments and operations to 
be performed by the hand« things which appear to 
tbem mean and mechanicai } but these men do in 
fact oppose the attainment of the olgect they pro- 
fess to punucy since the exerase of oontanplationy 
and the construction and invention of experimentSy 
are supported on the same prindides^ and perfected 
by the same means/' 

After these preliminary discussions, the great re- 
storer of philosophy proceedst in the seccnd book of 
the Novum Organum» to describe and exemplify 
the nature of the inductimi^ which he deems essen- 
tial to the right interpretation of nature. 

The first object must be to prepare a history of 
the pbraomena to be explained^ in all their modifi- 
cations and varieties. This history is to compre- 
hend not only all such facts as spontaneously o&r 
themsdveSy but all the experiments instituted for 
the sake of discovery, or for any of the purposes of 
the useful arts. It ou^t to be composed with 
great care } the fiu^ts accurately related, and dis- 
tinctly arranged ; their authenticity diligently ex- 
amined ; those that rest on doubtful evidence. 
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thoi^h not rejected, being noted as uncertain, with 
tbe groands erf the judgment so fwmed* This last 
18 veiy meeesssry ^ for £Kts often appear incredible^ 
only because we are ill informed, and cease to ap^ 
pear marveiloos, when our knowledge is farther ex-' 
tended* 

M such facts, howev^er, as appear contrary to the 
ordinary course of our experience, though thus 
noted down and preserved, must have no weight 
allowed them in the first steps of investigation, and 
are to be vsed only when the general principle, as 
it emerges from the inductive process, serves to in* 
crease their probability. 

This record of £icts is what Bacon calls natural 
history, and it is material to take notice of the com* 
prehensive sense in which that term is understood 
through ail his writhigs. According to the ar- 
rangement of the sciences, which he has explained 
in his treatke on the advancement of knowledge, 
all learning is classed relatively to the three intel- 
lectual faculties of Memory, Reason, and Imagina- 
tion. Under the first of these divisions is contain- 
ed all that is merely Narration or History, of what- 
ever kind it may be. Under the second are con* 
tained the difierent sciences, whether they respect 
the Intellectual or the Material worlds Under the 
third are comprehended Poetry and the Fine Arts. 
It is with the first of these classes only that we are 
at present concerned. The two first divisions of it 
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are Sacred and Civil History, the meaning of which 
18 sufficiently understood. The third division is 
Natural History, which comprehends the descrip* 
tion of the facts relative to inanimate matter, and to 
all animals, except man. Natural history is again 
subdivided into three parts : 1 . The history of the 
phenomena of nature, which are uniform ; 2. Of 
the facts which are anomalous or extraordinary; 
3. Of the processes in the different arts. 

We are not to wonder at finding the processes of 
the arts thus enrolled among the materials of natu- 
ral history. The powers which act in the processes 
of nature and in those of art are precisely the same> 
and are only directed, in the latter case, by the in- 
tention of man, toward particular objects. In art, 
as Bacon elsewhere observes, man does nothing 
more than bring things nearer to one another, or 
carry them farther off; the rest is performed by 
nature, and, on most occasions, by means of which 
we are quite ignorant. 

Thus, when a man fires a pistol, he does nothing 
but make a piece of flint approach a plate of harden- 
ed steel, with a certain velocity* It is nature that 
does the rest ; — ^that makes the small red hot and 
fluid globules of steel, which the flint had struck 
off, communicate their fire to the gunpowder, and, 
by a process but little understood^ set loose the 
elastic fluid contained in it ; so that an explosion is 
produced, and the ball propelled with astonishing 
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▼elocity. It is obvious that, in this instance^ art 
only gives certain powers of nature a particular di- 
rection. 

To the rules which have been given from Bacon, 
for the composition of natural history, I may be 
permitted to add this other, — that theoretical lan- 
guage should, as much as possible, be avoided^ 
Appearances ought to be described in terms which 
involve no opinion with respect to their causes. 
These last are the objects of separate examination, 
and will be best understood if the facts are given 
fairly, without any dependence on what should yet 
be considered as unknown. This rule is very es- 
sential where the facts are in a certain degree com- 
plicated ; for it is then much easier to describe 
with a reference to theory than without it. It is 
only from a skilful physician that you can expect a 
description of a disease which is not full of oj^nions 
conoeming its cause. A similar observation might 
be made with respect to agriculture; and with 
respect to no science more than geology. 

The natural history of any phenomenon, or class 
of phenomena, being thus prepared, the next ob- 
ject is, by a comparison of the different facts, to 
find out the cause of the phenomenon, itsj^nn, 
in the lapguage of Bacon, or its essence. The 
form of any quality in body is something converti- 
ble with that quality ; that is, where it exists, the 
quality is present, and where the quality is present, 
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the form mwC be so likewise. Thus, if tnmsparai- 
cy in bodies be the thing inquired after, the form 
of it is something that, wherever it is found* there 
is transparency ; and, vice versOf wherever there 
is tranqfMrency, that which we have called the form 
is likewise present. 

The form, then, differs in nothing from the 
caase ; only we i^ply the word cause where it ia 
event or change that is the eflfect. When the 
eflfect or result is a permanent quality, we speak of 
the form or essence. 

Two other objects, subordinate Xojbrms^ but 
often essential to the knowledge of them, are also 
occasionally subjects of investigation. These are 
the latent process, and the latent schematism ( 
latens processus^ et latens sckematismus4 The for- 
mer is the secret and invisible progress by which 
sensible changes are brought about, and seems, in 
Bacon's acceptation, to involve the principle sinoe 
called the law qf conthnui^s according to whichf 
no change, however small, can be eflfected but iii 
time. Toknow the relation between the time and 
the change effiscted in it, would be to have a per- 
lect knowledge of die htent process. Inthefiriiig 
of a cannon, for example, the succession of events 
during the short interval between the qypUcation of 
the match and the expulsion of the ball, constitutes 
a latent process of a very remaikable and comjj^- 
cated nature, which, however, we can now trace 
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with some degree of accuracy. In mechanical 
operations, we can often follow this process still 
more completely. When motion is communicated 
from any body to another^ it is .distributed through 
all the parts of that other, by a law quite beyond 
the reach of sense to perceiye directly, but yet sub- 
ject to investigation, and determined by a principle^ 
which, though late of being discovered, is now 
generally recognised* The applications of this, 
mechanical principle are perhaps the instances in 
which a latent, and, indeed, a very recondite paxi^ 
cess, has been most completely analyaied. 

Tlie latent schematism is that invisible structure 
of bodies, on which so many of their properties de- 
pend. When we inquire into the constitution of 
crystals, or into the internal structure of (dants, &o. 
we are examining into the latent sdiematism* 
We do the same when we attempt to explain elas- 
ticity, magnetism, gravitati(mt &c. by any peculiar 
structnre of bodies, or any anai^ement of the par- 
ticles of matter. * 

In order to inquire into the form or cause of 
any thing by induction, having brought togetiier 
the &cts, we are to begin wiUi considering what 
things are thereby exduded from the number of 
possible forms* This occlusion is the first part of 
the process of induction : it confines the field of 

I  ll.l »ll»|l I H JIl  I   .1.1 

• Nov. Org. Lib. ii. Aph. 5, 6, &c. 
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hypothesis^ and brings the true explanation within 
narrower limits. Thus, if we were inquiring into 
the quality which is the cause of transparency in 
bodies ; from the fact that the diamond is trans- 
parent» we immediately exclude rarity or porosity 
as well as fluidity from those causes, the diamond 
being a very solid and dense body. 

N^^tive instances, or those where the given 
Jorm is wanting, are also to be collected. 

That glass, when pounded, is not transparent, is 
a negative fact, and of considerable importance 
when the form of transparency is inquired into ; 
also, that collections of vapour, such as clouds and 
fogs, have not transparency, are n^ative facts of 
the same kind. The facts thus collected, both 
affirmative and negative, may, for the sake of refer* 
ence, be reduced into tables. 

Bacon exemplifies his method on the subject of 
Heat ; and, though his collection offsets be imper- 
ffsct, his method of treating them is extremely ju« 
dicious, and the whole disquisition highly interest- 
iiig* * He here proposes, as an experiment, to try 
the reflection of the heat of opaque bodies, t He 
mentions also the vitrum calendared or thermome- 
ter, which was just then coming into use. His re- 
flections, after finishing his enumeration of facts, 

* Nov. Org. Lib. ii. Aph. 18, 20, &c. 
t }bid. Aph. 11. 
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show how sensible he was of the imperfect state of 
his own knowledge. * 

- After a great number of exclusions have left but 
a few principles, common to every case, one of 
these is to be assumed as the cause ; and, by rea- 
soning from it syntheticaUy, we are to try if it will 
account for the phenomena. 

So necessary did this exclusive process appear 
to Bacon, that he says, ** It may perhaps be com* 
petent to angels, or superior intelligences, to de* 
termine the form or essence directly, by affirma- 
tions from the first consideration of the subject. 
But it is certainly beyond the power of man, to 
whom it is only given to proceed at first by nega- 
tives, and, in the last place, to end in an affirma^ 
tive^ after the exclusion of every thing else* t 

The method of induction, as laid down here, is 
to be considered as applicable to all investigations 
where experience is the guide, whether in the mo- 
ral or natural world. ^' Some may doubt whether 
we propose to apply our method of investigation to 
natural philosophy only, or to other sciences, such 
as logic, ethics, politics. We answer, that. we 
mean it to be so applied. And as the common 
logic, which proceeds by the syllogism, belongs not 
only to natural philosophy, but to all the sciences, 



* Nov Org. Lib. il. Aph. 14. 
t Ibid Aph. 15. 
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80 our logic, which proceeds by induction^ embra- 
ces every thing." * 

Though this process had been pursued by a per- 
son of much inferior penetration and sagacity to 
Baccm, he could not but have discovered that all 
facts, even supposing them truly and aceumtely re- 
corded, are not of equal value in the discovery of 
truth. Some of them, show the thing sought for 
in its highest d^ree, some m its lowest ; some ex- 
hibit it simple and uiKombined^ in others it ap- 
pears confused with a variety of dreumstances. 
Some facts are easily interpreted, others are very 
obscure, and are understood only in consequence 
of the light thrown on th^n by the former. This 
led our author to consider what he calls Prero^a- 
titw Instantiarum, the comparstive value of fiusts 
as means of discovery, or as instruments of mvesti- 
gation* He enumerates twenty-seven dififerent 
species, and enters at some length into the pecu* 
liar properties of each. I must content mysdif, in 
this sketch, with describing a few of the moat im* 
portant, suligoining, as illustrations, sometimes the 
examples which the author hhnself has given, but 
more frequently such as have been furnished 1^ 
later discoveries in science. 

I. The first place in this classification is eemffh' 
ed to what Mre called m s t anti i e soUtaruSy which are 

   mm^^m^ I , I ,1   H IM II  

• Nov. Org. Lib. i. Aph. 127. 
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ekher exam^ea of the stnie quality existing in two 
bodie9» which have nothing in common but that 
quality, or of a quality during in two bodies, 
which are in all other respects the same. In the 
first instance, the bodies differ in all things but 
one; in the second, they agree in all but one. The 
^jpotiieses that in either case can be entertained, 
concerning the cause or Jbrm of the saad quality, 
are reduced to a small number } for, in the first, 
they can involire none of the things in which the 
bodies differ ; and, in the second, none of those in 
which they agree. 

Thus, of the cause or Jbrm of colour now inquir* 
ed into, iiutantuB soUtarus are found in crys^s, 
prisms of glass, drops of dew, which occasionally ex- 
hibit Cfdour, and yet have nothing in common with 
the stones, flowers, and metals, which possess co* 
lour permanently, except the colour itself. Hence 
Bacon concludes, that colour is nothing else than 
a modification of the rays of light, produced, in the 
first case, by the difibrent degrees of incidence ; 
and, in the second, by the texture or constitution 
of the surfiusea cf bodies. He may be considered 
9S very fortunate in fixing on these examples, for 
it was by means of them that Newton afl«rwarda 
found out the composition of light. 

Of the second kind of mstanlup soUtarias^ Ba- 
con mentions the white w coloured veins which 
occur in limestone or marble, and yet hardly differ 

19 
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in substance or in stractore from the ground of the 
stone. He concludes, very justly, from this, that 
colour has not much to do with the essential pro* 
perties of body. 

II. The rnsta$UuB migrantes exhibit some na^ 
tare or property of body, passing from one condi- 
tion to another, either from less to greater, or 
from greater to less ; arriving nearer perfection in 
the first case, or veiling towards extinction in the 
second. 

Suppose the thing inquired into were the cause 
of whiteness in bodies ; an instantia migrans is 
found in glass, which, when entire, is without co- 
lour, but, when pulverized, becomes white. The 
same is the case with water unbroken, and water 
dashed into foam. In both cases, the separation 
into particles produces whiteness. So also the 
communication of fluidity to metals by the applica- 
tion of heat ; and the destruction of that fluidity 
by the abstraction of heat, are examples of both 
kinds of the hutantia migrans. Instances of this 
kind are very powerful for reducing the cause in- 
quired after into a narrow space, and for removing 
all the accidental circumstances. It is necessary, 
however, as Bacon '^ very justly remarks, that we 
should consider not merely the case when a certain 
quality is lost, and another produced, but the gra- 

* Nov. Org. Lib. ii. Aph. SS. 
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dual changes made in those qualities during their 
migration, vis. the increase of the one, and the cor- 
responding diminution of the other. The quantity 
which changes proportionally to another, is con- 
nected with it either as cause andeffisct, eras a col* 
lateral effect of the same cause. When, again, we 
find two qualities which do not increase propor- 
tionally, they afford a n^ative instance, and assure 
us that the two are not connected simply as cause 
and efiect. 

The mineral kingdom is the great theatre of the 
instantuB nUgrantes^ where the same nature is seen 
in all gradations, from the most perfect state, till 
it become entirely evanescent. Such are the shells 
which we see so perfect in %ure and structure in 
limestone, and gradually losing themselves in the 
finer marbles, till they can no longer be distin- 
gm'shed. The use, also, of one such fact to ex- 
plain or interpret another, is no-where so well seen 
as in the history of the mineral kingdom. 

III. In the third place are the hutantueostensivief 
which Bacon also calls elucescentke and predomi* 
nantes. They are the facts which show some par* 
ticular nature in its highest state of power and 
energy, when it is either freed from the impedi* 
ments which usually counteract it, or is itself of 
such force as entirely to repress those impediments. 
For as every body is susceptible of many di&rent 
conditions, and has many different forms combined 
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in it> (me of them often confines, depresses, and 
hides another entirely, so that it is not easily dis- 
tinguished. There are found, however, some sub* 
jects in which the nature inquired into is complete* 
ly displayed, either by the absence of impediments, 
or by the predominance of its own power. 

Bacon instances the thermometer, or vitrum ca* 
lendarcj as exhibithig the expansive power of heat, 
in a manner more distinct and measurable than in 
common cases. To this example, which is wdl 
chosen, the present state of science enables us to 
add many others. 

If the weight of the ur were inquired into, the 
Torricellian experiment or the barometer aflfords an 
09tenme instance^ where the circumstance which 
conceals the weight of the atmo^^ere in common 
eases, namely, the pressure of it in all directions, 
being entirely removed, that weight produces its 
fuU e&ct, and sustains the whole column of mer- 
cury in the tube. The barometer affinrds also an 
example of the instantia migrcms, when the change 
is not total, but only partial, or progressive. If it 
be the weight of the air which supports the mer- 
cury in the tube of the barometer, when that weight 
is diminished, the mercury ought to stand lower. 
On going to the top of a mountain, the weight of 
the incumbent air is diminished, because a shorter 
column of air is to be sustained; themercury in the 
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barometer ought therefore to Brnk, and it is foiind 
to do so accordingly. 

These are instances in which the action of cer- 
tain principles is rendered visMe by the removid of 
all the (^posing forces. One may be given where 
it is the distinct and decisive natui^ of the fact 
which leads to the result* 

Suppose it were inquired, wheth^ the present 
land had ever been covered by the sea. If we look 
at the stratified form of so large a portion of the 
earth's sur&ce, we cannot but conclude it to be very 
probable that such land was formed at the bottom, 
af the se^ But the decisive proof is afforded by 
the shells and corals, or bodies having the perfect 
shape of shells and corals, and of other marine exu- 
viae, which are found imbedded in masses of the 
most solid rock, and often on the tops of very high 
mountains. This leaves no doubt of the formation 
of the land under the sea, though it does not det* 
termine whether the land, since its formation, has 
been elevated to its present height, or the sea de* 
pressed to its present level. The decision of that 
question requires other &cts to be consulted* 

IV. The instantia clandestina^ which is, as it 
were, opposed to the preceding, and shows some 
power or quality just as it is b^inning to exist, and 
in its weakest state, is often very useful in the ge« 
neralization of facts. Bacon also gave to this the 
fanciful name of instantia creptisculif 

YOL. II. G 
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An example of this may be giveu from hydro- 
statics. If the suspension of water in capiUary tubes 
be inquired into, it becomes very useful to view that 
effect when it is least, or when the tube ceases to 
be capillary, and becomes a vessel of a large diame- 
ter. The column is then reduced to a slender 
ring of water which goes all round the vessel, and 
this, though now so inconsiderable, has the property 
of being independent of the size of die vessel, so 
as to be in all cases the same when the mat^ials 
are the satae. As there can be no doubt that this 
ring proceeds from the attraction of the rides, and 
of the part immediately above the water, so there 
can be no doubt that the capillary suspension, in 
part at least, is derived from the same cause. An 
eflfect of the opposite kind takes place whed a glass 
ves^l is filled with mercury. 

V. Next to these may be placed what are called 
mstanUm manlpulares^ or collective instances, that 
is, genehd &cts, or such as comprehend a great 
number of particular cases. As human knowledge 
can but aeldom reach the most general cause or 
fornij such coUectiVe instances are often the utmost 
extent to which our generalization can be carried. 
They have great value on this account, as they like- 
wise have on account of the assistance which they 
give to farther geniorsdizatibn. 

Of this we have a remarkable instance in one of 
the most important steps ever taken in any part of 
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human knowled^. The laws of Kepler are facts 
of the kind now treated o^ and consist of three ge- 
neral truths, each belonging to the whole planetary 
system, and it was by means of tbem that Newton 
discovered the principle of gravitation. The first 
is, that the planets all move in elliptical orbits, hav- 
ing the sun for their common focus ; the next, that 
about this focus the raditss vector of each planet 
describes equal ateas in equal times. The third 
and last, that the squares' of the periodic times of 
the planets are as the cubes of their mean distances 
from the sun. The knowledge of each of these 
was the result of much research, and of the com- 
parison of a vast multitude of observations, inso- 
much that it may be doubted if ever three truths 
in science were discovered at the expence of so 
much labour and patience, or with the exertion of 
more ingenuity and invention in imagining and 
combining observations. These discoveries were 
all made before Bacon wrote, but he is silent con- 
cerning them ; for the want of mathematical know- 
ledge concealed from his view some of the most 
splendid and interesting parts of science. 

Astronomy is full of such collective instances, 
and affords them, indeed, of the second and third 
order, that is to say, two or three times general- 
ized. The astronomer obsei-ves nothing but that a 
certain luminous di^, or perhaps merely a lumi- 
nous point, is in a certain position, in respect of 



100 MATHEMATICAL AND 

the planes of the meridiaii and the horiaon, at a 
certain moment of time. By comparing a number 
of fiuch observations, he finds that this luminous 
point moves in a certain plane, with a certain ve- 
locity, and performs a revolution in a certain time. 
Thus, the periodic time of a planet is itself a col* 
lective fact, or a single fact expressing the result of 
m^ny hundred observations. This holds mth re- 
spect to each planet, and with respect to each ele- 
ment, as it is called, of the planet's orbit, eveiy one 
of which is a general fact, expressing the result of 
an indefinite number of particulars. This holds 
still more remarkably of the inferences which ex- 
lend to the distances of the planet from the earth, 
or from the sun. The laws of Kepler are there- 
fore collective facts of the second, or even a higher 
order ; or such as comprehend a great number of 
general facts, each of which is itself a general fact, 
including many particulars. It is much to the cre- 
dit of astronomy, that, in all this process, no d^ree 
of truth or certainty is sacrificed ; and that the 
same demonstrative evidence is preserved from the 
lowest to the highest point. Nothing but the u^e 
of mathematical reasoning could secure this advan- 
tage to any of the sciences. 

VI. In the next place may be ranked the in- 
stances which Bacon calls analogous^ or paraUeL 
These consist of facts, between which an analogy 
or resemblance is visible in some particulars, not* 
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withstanding great divenity in all tbe rest. Such 
are the telescope and microscope^ in the works of 
arty compared with the eye in the works of nature. 
This, indeed, is an analogy which goes much be- 
yond the mere exterior ; it extends to the internal 
structure, and to the principle of action, which is 
the same in the eye and in the telescope, — ^to the 
latent schematism, in the language of Bacon, as far 
as material substance is concerned. It was the ex- 
periment of the camera obscura which led to the 
discovery of the formation of the images of exter- 
nal objects in the bottom of the eye by the action 
of the crystalline lens, and the other humours of 
which the eye is formed. 

Among the instances of conformity, those are the 
most useful which enable us to compare produc- 
tions of an unknown formation, with similar pro- 
ductions of which the formation is well understood. 
Such are basalt, and the other trap rocks, compared 
with the lava thrown out from volcanoes. They 
have a structure so exactly similar, that it is hardly 
possible to doubt that their origin is the same, and 
that they are both produced by the action of sub- 
terraneous fire. Hiere are, however, amid their 
fiimilarity, some very remarkaUe differences in the 
substances which they contain, the trap rocks con- 
taining calcareous spar, and die lava never contain- 
ing any. On the supposition diat they are both of 
igneous origin, is there any circumstance, in the 
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conditions in which beat may have been i^lied to 
them, which can account for this difference ? Sir 
James Hall, in a train of most philosophical and 
happily contrived experiments, has explained the 
nature of those conditions, and has shown that the 
presence of calcareous spar, or the want of it, may 
•rise from the greater or less com[n:es8ion under 
which the fusion of the basalt was performed* 
This has served to explain a great difficulty in the 
history of the mineral kingdom; 

G>mparative anatomy is full of analogies of this 
kind, which are most instructive, and usefiil guides 
to discovery. It was by remarking in the blood- 
vessels a contrivance similar to the valves used in 
hydraulic engines, for preventing the counts cur- 
rent of a fluid, that Harvey was led to the disco- 
very of the circulation of the blood. The analogies 
lietween natural and artificial productions are al* 
ways highly deserving of notice. 

The facts of this class, however, unless the ana<- 
logy be very close, are apt to mislead, by represent- 
ing accidental regularity as if it were constant. Of 
this we have an example in the supposed analogy 
between the coburs in the prismatic spectrum and 
the divisions of the monochord. The colours in 
the prismatic spectrum do QOt occupy the same 
proportion of it in all cases : the analogy depends 
on the particular kind of glass, not on any thing 
that is common to all refraction. The tendency 
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of man to find more order in things than there ac- 
jitually exists,, is here to be cautiously watched over. 

VIL Monodic, or singular &cts» are the next 
in order. They comprehend the instances which 
Bie particularly distmgui&bed from aU those of the 
genus or species to which theyhelong. . Such is 
the sun among the stars, the magnet mnong stones^ 
mercury among metals, . boiling fountains among 
springs, the elephant among qnadrupeds. So also 
among the planets, Saturn is lingular from his 
ling, the new planets are so likewise fyjom their 
small size, from being extrazodiacal, &c. 

Connected with these are the irregular and de- 
viating instances, in which nature seems to depart 
from her ordinary course. Earthquakes, extraor- 
dinary tempests, years of great scarcity, winters of 
singular severity, &c. are of this number. All 
such facts ought to be carefiilly collected ;, alid 
there should be added an account of all monstrous 
productions, and of every thing remarkable for its 
novelty and its rareness. Hefre, however, the 
most severe mticism must be applied ; every thing 
connected with superstition is suspicious, as well as 
whatever relates to alchemy or magic. 

A set of facts, which belongs to this class, con- 
sists of the instances in which stones have so often 
of late years been observed to fall from the heavens. 
Hiose. stones are so unlike other atmospherical 
productioDs, and their origin must be so dififerent 
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from that of other mhieralsy that it is scarcely pes 
sible to imagine any thing more anomalous, and 
more inconsistent with the ordinary course of our 
experience. Yet the existence of this phenome- 
non is so well authenticated by testimony, and by 
the evidence arising from certain physical consider- 
ations, tluit no doubt with respect to it can be en- 
tertained, and it must therefore be received, as 
making a part of the natural history of meteors. 
But as every ftct, or class of facts, which is perfect- 
ly singular, must be incapable of explanation, and 
can only be understood when its resemblance to 
other things has been discovered, so at present we 
are unable to assign the cause Of these phenomena, 
and have no right to offer any theory of their ori- 
gin. 

VIII. Another class of facts is cmnposed of 
what Bacon calls instanticf comitatus^ or examjdes 
of certain qualities which always accompany one 
another. Such are flame and heat,*— flame being 
always accompanied by heat, and the same degree 
of heat in a given substance being always accom- 
panied with flame. So also heat and expansion,— 
an increase of heat being accompanied with an in- 
crease of volume, except in a very few cases, and in 
circumstances very particular. 

The most perfect instantia ccmtatus known, as 
being without any n^ative, is that of body and 
weight. Whatever is impenetrable and inert, is 
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sko heavy in a degree proportional to its ineltia. 
To this there is no exception, though we do not 
peroeire the connection as necessary. 

Hostile instances, or those of perpetual septo^ 
ration, are the reverse of the former* 

Examples of this are found in air, and the other 
elastic fluids, which cannot have a solid form 
induced on them by any known means, when 
not combined with other substances. So also in 
solids, transparency and malleability are never 
joined, and appear to be incompatible, though it is 
not obvious for what reason. 

IX. Passing over several classes which seem 
of inferior importance, we come to the insUmtia 
crudSj the division of this experimental logic 
which is most frequently resorted to in the practice 
of inductive investigation. When, in such an in* 
vestigation, the understanding is placed in eqtu^ 
ttbrios as it were, between two or more causes, each 
of which accounts equally well for the appearances, 
as far as they are known, nothing remains to 
be done but to look out for a fact which can be ex- 
plained by the one of these causes, and not by the 
other i if such a one can be found, the uncertainty 
is removed, and the true cause is determined. 
Such facts perform the office of a cross, erected at 
the separation of two roads, to direct the traveller 
which he is t(f take, and, on this account, Bacon 
gave them the name of imtantiw cmcis. 
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Suppose that the subject inquired into were the 
motion of the planets, and that the phenomena 
which first present themselves, or the modon of 
these bodies in longitude, could be explained equal- 
ly on the Ptolemaic and the Copemican system, 
that is; either on the system which makes the 
Earth, or that which makes the Sun, the centre of 
the planetary motions, a cautious philosopher would 
hesitate about which of the two he should adopt, 
and notwithstanding that one of them was recom- 
mended by its superior simplicity, he might not 
think himself authorized to give to it a decided 
preference above the other. If, however, he con- 
sider the motion of these bodies in latitude, that is 
to say, their digcessions from the plane of the 
ecliptic^ he will find a s^t of phenomena which 
cannot be reconciled with the supposition that the 
earth is the centre of the planetary motions, but 
which receive the most simple and satisfactory ex^ 
planation from supposing that the sun is at jrest^ 
and is the centre of those motions. The latter 
phenomena would therefore serve as instantUB 
cntciSj by which the superior credibility of the 
Copemican system was fhlly evinced. 

Another example which I shall give of an »i- 
stantia cruets is taken from chemistry, and is, in- 
deed, one of the most remarkable experiments 
which has been made in that science. 

It is a general fact observed in chemistry, that 
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metiilfl. are always rendered heavier by calcination. 
When a mass of tin or lead, for instance, is calcin- 
ed in the fire, though every precaution is taken to 
prevent any addition from the adhesion of ashes, 
coals, &c. the absolute weight of the mass is aU 
ways found to be increased. It was long be&re 
the cause of this phenomenon was understood. 
There might be some heavy substance added, 
though what it was could not easily be imagined ; 
or some substance might have escaped, which was 
in its nature light, and possessed a tendency up- 
wards. Other phenomena, into the nature of 
which it is at present unnecessary to inquire, in- 
duced chemists to suppose, that in calcination a^ 
certain substance actually escapes, being present in 
the regulus, but not in the calx of the metal. 
This substance, to which they gave the name of 
phlogiston, was probably that which, by its escape, 
rendered the metal heavier, and must, therefore, 
be itself endued with absolute levity. 

The instantia cruets wl)ich extricated philoso- 
phers from this difficulty, was furnished by an ex- 
periment of the celebrated Lavoisier* That ex-^ 
eellent chemist included a quantity of tin in a glass 
retort, hermetically sealed, and accurately* weighed 
together with its contents ; he then applied the 
necessary heat, and when the calcination of the 
tin was finished, he found the weight of the whole 
precisely the same as before. This proved, that 
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no substance, which was either light or heayj^ in a 
sensible d^ree, had made its way through the 
glass. The experiment went still farther. When, 
the retort was cooled and opened, the air rushed 
in, so that it was evident that a part of the air had 
disappeared, or had lost its elasticity. On weigh- 
ing the whole apparatus, it was now found that its 
weight was increased by ten grains ; so that ten 
grains of air had entered into the retort when it 
was opened. The calx was next taken out, and 
weighed separately, and it was found to have be- 
come heavier by ten grains precisely. The ten 
grains of air then which had disappeared, and 
which had made way for the ten grains that rush- 
ed into the retort, had combined with the metal 
during the process of calcination. The farther 
prosepution of this Very decisive experiment led to 
the knowledge of that species of air which com- 
bines with metals when they are calcined. The 
doctrine of phlogiston was of course exploded, and 
a creature of the imagination replaced by a real 
existence. 

The principle which conducts to th6 contrivance 
of an experimentuni crucis is not difficult to be 
understood. Taking either of the hypotheses, its 
consequences must be attempted to be traced, sup- 
posing a di£Perent experiment to be made. This 
must be done with respect to the other hjrpothesis, 
and a case will probably at last occur, where the 



PHYSICAL SCIENCE. 109 

two hypotheses would give different results. The 
experiment made in those circumstances will furv 
niidi an insiantia crucis. 

Thusy if the experiment of calcination be per- 
formed in a close vessel, and if phlogiston be the 
cause of the increase of weight, it must either 
escape through the vessel, or it must remain in the 
vessel after separation from the calx. If the for- 
mer be the case, the apparatus will be increased in 
weight ; if the latter, the phlc^ston must make 
its escape on opening the vessel. If neither of 
these be the case, it is plain that the theory of 
phlogiston is insufficient to explain the facts. 

The experimentum crucis is of such weight in 
matters of induction, that in all those branches of 
science where it cannot easily be resorted to, (the 
circumstances of an experiment being out of our 
power, and incapable of being varied at pleasure,) 
there is often a great want of conclusive evidence* 
This holds of agriculture, medicine, political eco- 
nomy, &c. To make one experiment, similar to 
another in all respects but one, is what the ejpperu 
mentum cntcis, and, in general, the process of in- 
duction, principally requires ; but it is what, in the 
sciences just named, can seldcmi be accomplished* 
Hence the great difficulty of separating the causey, 
and allotting to each its due proportion of the effect* 
Men deceive themselves in consequ^ice of this con<> 
tinually, and think they are I'easoning from fact 
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and experieace, when, in reality, they are only 
reasoning from a mixture of truth and falsehood. 
The only end answered by facts so incorrectly ap* 
prehended is that of making error more incorri- 
gible. . 

Of the twenty-seven classes into which instanUoB 
are arranged by the author of the Novum Orga^ 
ntrni^ fifteen immediately address themselves to the 
Understanding ; five serve to correct or to inform 
the Senses ; and seven to direct the hand in raising 
the superstructure of Art on the foundation of 
Science. The examples given above are from the 
first of these diidsions, and will suffice for a sum- 
mary. To the five that follow next, the general 
name of instanUce lampadis is given, from their 
office of assisting or informing the senses. 

Of these the instanticB jamue assist the imme<- 
diate action of the senses, and especially of sight. 
The examples quoted by Bacon are the microscope 
and telescope, (which last he mentions as the inven- 
tion of Galileo,) and he speaks of them with great 
admiration, but with some doubt of their reality. 

The instantkg citantes enable us to perceive 
things which are in themselves insensible, or not at 
all the Qbjects of perception. They cite or place 
things, as it were, before the bar of the senses, and 
from this analogy to judicial proceedings is derived 
the name of instantice citantes Such, to employ 
examples which the progress of science has unfold- 
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ed since the time of BecoD»> are the air-pump and 
the barometer for manifesting the weight and elas* 
ticity of air ; the measurement of the Velocity of 
light, by means of the eclipses of the satellites of 
Jupiter, and the aberration of the fixed stars ; the 
experiments in electricity and Galvanism, and in 
the greater part of pneumatic chemistry. In all 
these instances things are made known which be« 
fore had entirely escaped the senses. 

The instantuB vub are facts which manifest the 
continuous progress of nature m her operations. 
There is a propensity in men to view nature as it 
were at intervals, or at the ends of fixed periods, 
without regarding her gradual and unceasing ac- 
tion. ^ The desire of making observation easy is 
the great source of this propensity. Men wish for 
knowledge, but would obtain it at the least expence 
of time and labour. As there is no time. However, 
at which the hand of nature ceases to work, there 
ought to be none at which observation ceases to be 
made. 

The instanticB persecantes, or veUkdntes, are 
those which force us to attend to things which, 
from their subtlety and minuteness, escape common 
observation. 

Some of Bacon's remarks on this subtlety are 
such as would do credit to the most advanced state 
of science, and show how much his mind was fitted 

Nov. Org. II. Aph. 41. 
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for distinguishing and obsenring the great and ad- 
mirable in the works of nature. 

The kst division contains seven cksses, of which 
I mention only two. The experiments of this di- 
vision are those most immediately tending to pro- 
duce the improvement of art from the extension of 
science. '^ Now there are^" says Bacon, '^ two 
ways in which knowledge, even when sound in it* 
self, may fail of becoming a safe guide to the art- 
ist, and these are either when it is not sufficiently 
precise, or when it leads to more complicated means 
of producing an eflfect that can be employed in 
practice. Tliere are therefore two kinds of expe- 
riments which are of great value in promoting the 
alliance between knowledge and power ;—*tho6e 
which tend to give accurate and exact measures of 
objects, and those which disencumber the processes 
deduced from scientific principles of all unneces- 
sary operations." 

In the instanHiB radii we measure objects by 
lines and angles; in the instantits curricuU by 
time or by motion. 

Tp the former of these classes are to be referred 
a number of instruments which now constitute the 
greater part of the apparatus of natural philosc^y* 
Though Bacon had a just idea of their utility in ge- 
jieral, he was unacquainted with most of them* 
The most remarkable at present are those that fbl<r 
low : 
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1. AfltroowBieal instrumontiy or> more general* 
ly, all instrumento for meaairing linea and angfea^ 

2. Instruments for measuring weight or fwce i 
such are the common balance^ the hydroatsitao ba» 
lanee» the barometer, the instruments used in £ngo 
land by CaTendish^ and in Franoe by Couloadi^ 
which measure small and almost insensible actions 
by the force of torsion* 

These last rather belong to the elsss of the m* 
sUmtuB lucUPf where force is applied as the me** 
sure of fiure, ihan to the instantue radiL 

8. The therm<miet^, newly indented in the 
time of Baoon, and mentioned by him under the 
name of Vitrum Cakndare^ an instrument to which 
we owe nearly all the knowledge we have oioiiieiiit 
the most powerful agents in nature, via» Heat. 

4* The hygrometer, an instrument for meaauiw 
ing the quantity of humidity contained in the air $ 
and in the construction of wfaidi, afUr repeated 
fidlurea by the most skilful experimnlers, the in* 
mention of IVofessor Leslie noiw promises siKcess. 
Almost every one of these instrumenfaw to which 
several more might be added, has brought in sight 
a new country, and has enriched science not only 
with new Acts, but with new princqrfes. 

Among the remarks of Bacon on the experimm* 
ta radiif some are very remarkable for the extent 
of view which they display even in the mfimcy of 
physical science. He mentions the forces by 

VOL. II. H 
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wbich bodies act on one another at a distance, and 
throws out some hints at the attraction which the 
heavenly bodies exert on one another. 

^^ Inqoirendnm est,'* saiys he, ** si sit vis aliqua 
magnetiea quas operetur per consensum inter gio- 
bom terras et ponderosa, aut inter globum lunae eC 
aquas maris, aut inter codum steilatum et planetas, 
per quam evocentur et attoUantiir ad sua apogon ; 
hs9C omnia operantur ad distantias admodum Ion* 
ginquas/'  

Under the head of the instantia curricuUf or the 
measuring of things by time ; after remarking that 
efery change and eyery motion requires time, and 
illustrating this by a variety of instances, he has 
the following very curious anticipation of fects* 
which appeared then doubtful^ but which subse- 
quent discovery has ascertained : 

<^ The consideration of those things produced in 
me a doubt altogether astoniishii^, viz« Whether 
the face of the serene and starry heavens be seen at 
the instant it really exists, or not till sometime lat- 
er ; and whether there be not, with respect to the 
heavenly bodies, a true time and an apparent timet 
no less than a true place and an apparent placet 
as astronomers say, oh account of parallax. For it 
seems incredible that the species or rays of the 
edestial bodies can pass through the immense inter« 
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tal between them and us in an instant, or that 
they do not even require some considerable portiim 
of time/^ * 

The measurement of the Telocity of light, and 
(he wonderful consequences arising from it, are 
the best commentaries on this passage, and the 
highest eulogy on its author. 
' Such were the speculations of Bacon, and the 
rules he laid down for the conduct of experimental 
inquiries, before any such inquiries had yet been 
mstituted. The power and compass of a mind 
which could foim such a plan beforehand, and 
trace not merely the outline, but many of the most 
minute ramifications, of sciences which did not yet 
exist, must be an object of admiration to all suc- 
ceeding ages. He is destined, if, indeed, any 
thing in the world be so destined, to remain an 
instantia singularis among men, and as he Has had 
no rival in the times which are past, so is he likely 
to have none in those which are to come. Before 
any parallel to him can be found, not only must a 
man of the same talents be produced, but he must 
be placed in the same circumstances ; the memory 
of his predecessor must be eflbced, and the light of 
science, after being entirely extinguished, must be 
again beginning to revive. If a second Bacon is 
ever to arise, he must be ignorant of the first. 

• Nov. Org. II. Aph. 46. 
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Bacon is often compared with two great men 
who lived nearly about the aame time with himself, 
and who were both eminent reformers of philosophy, 
Descartes and Galileo. 

Descartes flourished about forty years later than 
Bacon, but does not seem to have been acquainted 
with his writings. like him, however, he was 
forcibly struck with the defects of the ancient phi- 
losq>hy, and the total inaptitude of the methods 
whidi it followed, for all the purposes of physical in- 
vestigation. Like him» too, he felt himself strong- 
ly impelled to undertake the reformation of this er- 
roneous system ; but the resemblance between 
them goes no farther } for it is impossible that two 
men could pursue the same end by methods more 
diametrically opposite. 

Descartes never proposed to himself any thing 
which had the least resemblance to induction. He 
began with establishing principles, and from the 
existence of the Deity and his perfections, he pro* 
posed to deduce the explanation of all the pheno- 
mena of the world, by reasoning a priori. Instead 
of proceeding upward from the effect to the cause, 
he proceeded continually downward from the cause 
to the effect. It was in this manner that he 
sought to determine the laws of motion, and of the 
collision of bodies, in which last all his conclusions 
were erroneous. From the same source he dedu- 
ced the existence of a plentm^ and the continual 
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preservation of the same quantity of motion in the 
universe ; a proposition which, in a certain sense, 
is true, bat in the sense in which he understood it» 
is altogether false. Reasonings of the kind which 
he employed may possibly suit, as Bacon observed, 
with intelligences of a higher order than man, but 
to his case they are quite inapplicable. Of the 
fruit of this tree nature has forbidden him to eat, 
and has ordained, that, with the sweat of his brow, 
and the labour of his hands, he should earn his 
knowledge as well as his subsistence. 

Descartes, however, did not reject experiment 
altogether, though he assigned it a very subordinate 
place in his philosophy. By reasoning down from 
first principles, he tells us that he was always aUe 
to discover the effects ; but the number of diOerent 
shapes which those eflfects might assume was so 
great, that he could not determine, without having 
recourse to experiment, which of them nature had 
preferred to the rest. " We employ experiment,*' 
says he, ^* not as a reason by which any thing is 
proved, for we wish to deduce effects from their 
causes, and not conversely causes from their effects. 
We appeal to experience only, that out of innum- 
erable effects which may be produced from the 
Same cause, we may direct our attention to one ra* 
ther than another." It is wonderful, that Descartes 
did not see what a %vere censure he was here 
passing on himself ; of how little vahie the specu* 
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lations must be that led to condurions so vagae and 
indefiDite ; and how much more philosophy is dis- 
graced by affording an explanation of tilings which 
are not^ than by not affording an explanation of 
things which are. 

As a system of philosophy and philosojdiic in- 
vesti^ion, the method of Descartes can, diere* 
fme, stand in no comparison with that of Bacon* 
Yet his physics contributed to the advancement of 
arieneey but did so» much more by that which diey 
demolished, than by-^hat which they built up. In 
some particular branches the French philosoj^er 
fiur excelled the English. He greatly improved 
the science of optics, and in the pure mathematicsy 
aa has been already shown, he left behind him 
many marks of a great and original genius. Hq 
will, therefore^ be always numbered among those 
who have essentially contributed to the advance- 
ment of knowledge, though nothing could be more 
perverse than his method of philosophizing, and 
nothing more likely to impede the progress of 
science^ had not an impulse been at that time 
given to the human mind which nothing could re- 
sist* 

Galileo, tlie other rival and contemporary of Ba- 
Qon, is, in truth, one of those to whom human 
knowledge ia under the greatest obligations. His 
discoveries in the theory of motion, in the laws of 
the descent of heavy bodies, and in the motion of 
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prcgeotilei^ laid the foundation of all the great un« 
provembnts whioh have since been made by the ap* 
plication of mathematics to natural philbsi^hy* If 
to this^ we add the invention of the tdiescope, the 
disQcnreries made by that instrumenty the oonfirma^ 
tions of the Cqpemican system which these disco^ 
veries aflKnrded,/and, lastly, the wit and argume&k 
with which he combated and exposed the prejudifds 
«nd presumption of the • schools, we must ' admit 
that the histoiy of human knowledge contarn^ fei^ 
^gceater names than that of Gaiiieo. On oon^aiu 
ing him with Bacon, however, I have no hesitation 
bk saying, that the latter has given in^cations of a 
genius of a still h^er orden In this I know thtt 
I diii&r from a histcffian, who was himself a phtlo^ 
sopher, and whose sufirage, of consequence^ is hone 
of more than ordinary weight* . . '. 

The great glory of literature," says Hnme^ 
in this island, diuing: the reign, of Jame% was 
-Lord Bacon. If we con«[d^r the variety of talents 
displayed by this man^ as a public speaker, a man 
-of bttuness, a wity a. courtier, a cmnpanion,. an.au- 
-tlior^ a philofiopher^ be is justly, entitled to gtwt 
iidihiration. K we consider him merely, as an 4Uf. 
-thor and a philosopher, the light in which we view 
faim.at present, though very estimable^, he was yet 
inferior to his oontempotary Galileo, periu^ even 
to Kefden Bacon pcnnted out, at a distance, the road 
to philosophy ; Galileo both pointed it out to others, 
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«d imub lumadf oonsiderable advances in it. Hie 
Englishman was ignorant of geometiy ; the flo^ 
lentine reTived that science^ excelled in it» and 
was the first who applied it, together with experi* 
menty to natnral philosophy* The former ngect- 
ed, with the most positive disdain^ the system of 
Copernicus ; the latter forlafiedit with new proofi^ 
derived both from reason and the senses. Bacon's 
style is stiff and rigid ; his wit, though often faiiL- 
liant, is also often unnatund and fiuvfttched. Ga* 
liko is a lively and agreeaUe, thoi^ somewhat a 
prolix writer/* "^ 

Though it cannot be denied that there is oonai- 
deiefale truth in these remaiks, yet it seems to me 
that the comparison is not made with the justness 
and discrimination which might have been expect- 
ed from Hume, who appears studiously to have 
contrasted what is most excelient in Galileo, with 
what is most defective in Bacon. It is true that 
Galileo showed the way in the application of nut- 
thematics and of ge am etr y to physical investiga- 
tion» and that the inunediste utility of his perform- 
ance was greater than that of Bacon's } as it im- 
pressed more movement on the age in which lie 
lived, exam^ being always so much more power- 
ful than precept. Baccm, indeed, wrote for an 
age move enlightened than his own, and it was 
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long before the full merit of his work was under- 
stood. But though Galileo vros a geometer, and Bt- 
oon unacquainted with the mathematicfl»*— though 
Galileo added new proofs to the system ol the 
earth's motion, which Bacon rejected altogether,^— 
yet is it certain, I think, that the former has more 
fellows or equals in the world (rf* science than the 
latter, and that his excellence, though so high, is 
less unrivalled. The range which Bacon's specu- 
lations embraced was altogether immense. He cast 
a penetrating eye on the whole of science, from its 
fedblest and most infantine state to that strength 
and perfection from which it was then so remote^ 
and which it is perhaps destined to approach to 
continually, but never to attain. More substitutes 
might be found for Galileo than for Bacon. More 
than one could be mentioned, who, in the phce of 
the former, would probably have done what he did ( 
but the history of human knowledge points out no^ 
body of whom it can be said, that, placed in the 
situation of Bacon, he would have done what B»- 
eon did ;«— no man whose prophetic genius would 
have enabled him to delineate a system of soieiKe 
which had not yet begun to exist !—*who could haive 
derived the knowledge of what ought to be from 
what was not^ and who could have become^o rich in 
wisdom, though he received from his predecesBmh 
no inheritance but their errors. 1 am inclined, 
therefore^ to agree with D' Alembert, ** that when 
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one considers the sound and enlarged views of this 
great man, the multitude of the objects to whioh- 
his mind was tamed, and the boldness of his style^ 
which unites the most suMime images wkh thc^ 
most rigorous precision, one is disposed to regard 
him as the greatest, the most universal, and the 
most eloquent of philosc^hers.'' ^ 



S. Remarks, &c. 

It will hardly be doubted by any one who at* 
tentively considers the method explained in the 
Novum Organum, which we have now attempted 
to sketdi, that it contains a most comprehensive 
and rigorous plan of inductive investigation. A 
question, however, may occur, how fkt has this 
method been really carried into practice by those 
who have made the great discoveries in natufal 
philosophy, and who have raised physical science 
to its preset height in the scale of human know- 
ledge ? Is the whole method necessary, or have 
not drcumstaticaes occurred, which have rendered 
experimental investigation easier in practice than 
it appears to be in theory ? To answer these ^fues- 
tk>ns completely^ would nquke wane discussion 
than is consistent with the limits of this Disserta* 
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tkn ; I shall, therefore, attempt no more than to 
point out the principles on which such an answer 
may be founded. 

In a very extensive department of physical 
flciencey it cannot be doubted that investigation, 
has been carried on, not perhaps more easily, but 
with a less frequent appeal to experience, than the 
rules of the Novum Oi^num would seem to re- 
quire. In all the physical inquiries where mathe'^ 
matical reasoning has been employed* after a few 
principles, have been established by experience, a 
vast multitude of truths, equally certain with the 
principles themselves, have been deduced fixmi> 
them by the mere application of geometry and al-* 
gebnu 

In mechanics, for example, after the laws of mo- 
tion were dncovered, which was done by experi- 
menty the rest of the science^ to a great extent^ was 
carried on by reasoning from those laws, in the 
same manner that the geometer makes his discove- 
ries by reasoning on the definitions, by help of a 
few axioms, or self-evident. propositicms. The on« 
fy difference is, that, in the one. case, the defini-* 
tknis and aidonis are supplied solely from the mind 
itself while, in the other, all the definitions and 
anoms, which are not those of pure geometry, are 
furnished by experience. ^ 



The part of mechanics ^bich involves only statical con- 
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Bacon certainly was not fuUy aware of the ad- 
vantages that were thus to accrue to tho physical 
sciences. He was not ignorant, that the introduce 
tion of mathematicai reasoning into those sciences 
is not only possible, but that, under certain condi- 
tions, it may be attended with the greatest advan- 
tage. He knew also in what manner this applica- 
tion had been abused by the Platonists, who had 
attempted, by means of geometry, to estabUsh the 
first principles of physics, or had used them, m 
axiomatis constituendiSf which is exactly the pro^ 
vince bdonging exclusively to experience. At the 
same time, he pointed out, with gieat precision, 
the place which the mathematics may legitimately 
occupy, as serving to measure and compare the ob- 
jects of physical inquiry. He did not, however, 
perceive beforehand, nor was it possible that he 
should, the vast extait to which the implication of 
that science was capable of being carried. In the 
book, De Augmentis, he has made many excel- 
lent remarks on this subject, full of the sagacity 
which penetrated so far into futurity, but, never- 
theless, could only perceive a small part of the 
scene which the genius of Newton was afterwards 
to unfold. 

fliderations^ or the eqiuHbrium of forces, is capable of being 
treated by reasoning a priori entirely, without any appeal to 
experience. This will appear, when the subject of Mecha- 
nics is more particularly treated of. 
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. Heaoe, the route which leads to many of the 
ridiest and most £srtile fields of science^ is not pre- 
cisely that which Bacon pointed out ; it is safer 
and easier^ so that the voyager finds he can trust 
to his chart and compass alone, without constantly 
looking out, or having the sounding*line perpetu- 
ally in his hand. 

Another rwiark 1 must make on Bacon's me- 
thod is, that it does not give suffident importance 
to the instantue radii, or those which fiimish us 
with accurate measures of physical quantities. The 
experiments of this class are introiiduced as only 
subservient to practice ; they are, however, of in- 
finite value in the theoretical part of induction, or 
for ascertainiug the causes and essences of the 
things inquired into. We have an instance of this 
in the discovery of that important truth in physical 
astronomy, that the moon is retained in her orbit 
by the force of gravity, or the same which, at the 
earth's surface, makes a stone fall to the ground* 
This proposition, however it might have been sus- 
pected to be true, could never have been demon- 
Btrated but by such observations and experiments 
as assigned accurate geometrical measures to the 
quantities compared. The semidiameter of the 
earth ; the velocity of falling bodies at the earth's 
sm&ce ; the distance of the moon, and her veloci- 
ty in her orbit ;— -all these four elements must be 
datermined with great precisioua and afterwards 
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compared together by certain theorems deduced 
from the laws of motion, before the relation be* 
tween the force which retains the moon in her or- 
bit, and that which draws a stone to the gromid, 
could possibly be discovered. The discovery aliNH 
when made, carried with it the evidence of demon*- 
stration, so that hei*e, as in many other cases, the 
instantuB radii are of the utmost importance in the 
theoretical part of physics. 

Another thing to be observed is, that. In many 
cases, the result of a number of particubr facts, or 
the collective instance arising from them, can mily 
be found out by geometry, which, therefore, be- 
comes a necessary instrument in completing the 
work of induction. An example, which the science 
of optics furnishes, will make this clearer than any 
general description. When light passes from one 
transparent medium to another it is refracted, that 
is, it ceases to go on in a straight line, and the an- 
^le which the incident ray makes with the superfi- 
cies which bounds the two tnedioy determines that 
which the refracted ray makes with the same sn* 
perficies. Now, if we would leant any thing about 
the relation which these angles bear to one anothert 
we must have recourse to experiment, and all that 
experiment can do is, for any particular angle of 
incidence, to determine the corresponding angle 
of refraction. This may be done in innumerable 
cases ; but, with respect to the general rule which. 
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tt evay possiUe case, determines the one of those 
eagles from the other, or expresses the constant 
and mvariable relation which subsists between them, 
^— j|?ith respect to it, experiment gives no direct in- 
Ibrmalion. The methods of geometry must there^ 
fore be called in to our assistance, which, when a 
iMmstant though unknown relation subsists between 
tWQ angles, or two variable quantities of any kind, 
and when an indefinite number of values of those 
quantities are given, furnishes infallible- ipeaas of 
^scovering that unknown relation, either accmate- 
ly, or at least by approximation. In this way it 
has been found, that, when the two media remain 
4ihe same, the cosines of the angles above mention- 
ed have a constant ratio to one another* Thus it 
appears, that, after experiment has done its utmost, 
geometry must be applied before the business of 
induction can be completed. This can only hi^ 
pen when the e:qieriments afibrd accurate measuies 
of the quantities concerned, like the instanAera' 
dtf, curricuUs &c« and this advantage of admitting 
generalization with so much certainty is one <^ 
their properties, of which it does not appear that 
even Bacon himself was aware. 

Again, from the intimate connection which pre- 
vmls among the principles of science, the success of 
one investigation must often contribute to the suc- 
cess of another, in such a dc^ee as to make it un- 
necessary to employ the complete apparatus orin- 
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duction from the b^inniiig. When colim lead^ 
ing principles hare been once established, th^ 
senre^ in new investigationsy to narrow the limits 
within which the thing sought for is contained, and 
enable the inquirer to arrive more speedily at the 
truth. 

Thus, suppose that, after the nature of the re» 
flection and refraction of light, and particularly of 
the colours produced by the latter, had been disco- 
vered by experiment, the cause of the nunbow were 
to be inquired into. It would, after a little consi- 
deration, appear probable, that the phenomenon to 
be explained depends on the reflection and refrac- 
tion of light by the rain falling from a cloud <^ppo- 
ffite to the sun« Now, since the nature ot reflec- 
tion and refraction are supposed known, we have 
the principles previously ascertained which aro like- 
ly to assist in the explanation of the rainbow. We 
have no occasion, therefore, to enter on the in- 
quiry, as if the powers to be investigated were 
wholly unknown. It is the combination of them 
only which is unknown, and our business is to sedL 
so to combine them, that the result may correflpond 
with the appearances. This last is precisely what 
Newton accomplished, when, by deducing from the 
known laws of refraction and reflection <he breadth 
of the roloured areh, the diameter of the cirele of 
which it is apurt, and the relation of the latter to 
the place of the spectator and of the sun, he found 



j4} Aegfi ifijOQ/m A^ 4rom hia edculasj }uat as thegr 
Me 4ii8ftrv9d w iMtw^e. Thtt3 be provcNil the truth 
§f hm w)uti»ii % tiko «i06t <jk»r wd inresktibje 

The ;$lmcbm»ti900i4if fia^MPt ^is tbMre£>]» ^nly oe- 
jgfPH^iyiv^QW ibhie itbing to be explained ia new, 
Ji^4i^«ii9 W(d Jiave. JdP JMMv^ladg^ ;or MSKt to DDiie, 
«f !tb» ^(>ew«rs .fmpleyfld. This la but rarely the 
4aa«f i«t,J[e«i( in Mwe f«f tbe branchaa of Pbyiies ; 
jm^9 i^im^Qvep it pcif^icp xniwt QmniffiQly un actual 
«iv»aj;wiliOQ» thut t^ein^wwluiids Iwadf ^limited, 
.ijbiH)|t Crop thefiiatwtaet, .to> ti^o or tbnee hypo- 
.j^Mea^ .41 ott^er aiV6<^^m^ involving incmaisten- 
,«K9a ^«HbM^'««w^ for a nunmwt he admitted. His 
.iwrinei;a» jiihep!efore» Ja to pmnpane the joemAts of 
Am ^Kpcdhosetii 4m4 AopQonder vbafe PQuaequennes 
.m«y in anyi(«ae ariae fr<Mn.tbeiQiie ihiM^.wwld not 
iawe irmxi .the other* M any aiu^ diffeirace ean 
Jiie £»9Md, and if ithe ntatt«r is a wlvect of .experi* 
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.dfiadO'the QUfiatiiHi* 
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iadari^. 

In ep^eiruting :tbe .method burare n&rred tQ» the 

appliealion of < mnoh jeaaoning, and iirequently . of 

>nuuih jswthematieal ireaaeningf ia necessary, before 

. wyi app e al to >tbe experiment ean|beLmade» in order 

vot. n. I 
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to deduce from each of tbe hypolheses an exact 
estimate of the consequences to which it leads. 
Suppose, for instance, that the law by which the 
magnetic virtue decreases in its intensity, as we re- 
cede from its poles, were to be inquired into. It is 
obvious that the number of hypotheses is * here in- 
definite ; and that we have hardly any choice but 
to b^n with the simplest, or with that whidi is 
most analogous to the law of other forces propagat- 
ed from a centre. Whatever law we assume, we 
must enter into a good deal of geometric reasoning, 
befi)re a conclusion can be obtained, capable of be- 
ing brought to the test of experience. The force 
itself, like all other forces, is not directly perceived, 
and its effects are not the result of its mere inten- 
sity, but of that intensity combined with the figure 
and magnitude of the body on which it acts ; and, 
therefore, the calculus must be employed to express 
• the measure of the efl^, in terms of the intensity 
and the distance only. This being done, the hy- 
pothesis which gives results most nearly correspond- 
' ing to the facts observed, when the nu^et acts on 
. the same body, at different distances, must be taken 
as the nearest approximation to the truth. We 
have here an instance of the use of hypothesis in 
inductive investigation, and, indeed, of the only 
legitimate use to which it can erer be applied. ^ 

It also appears that Bacon placed tbe ultimate 
object of philosophy too high, and too mw^ out of 
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the reach of man, even when his exertions are most 
skilfully conducted. He seems to have thought, 
that, by giving a proper direction to our researches, 
and carrying them on according to the inductive 
method, we should arrive at the knowledge of the 
essences of the powers and qualities residing in 
.bodies ; that we should, for instance, become ac- 
quainted with the essence of heat, of cold, of colour, 
of tran^mrency. The fact, however, is, that, in as 
far as science has yet advanced, no one essence has 
been discovered, either as to matter in general, or 
. as to any of its more extensive modifications. We 
are yet in doubt, whether heat is a peculiar motion 
of the minute parts of bodies, as Bacon himself 
, conceived it to be ; or something emitted or radi- 
ated from their surfaces ; or lastly, the vibrations 
of an elastic medium, by which they are penetrated 
and surrounded. Yet whatever be the form or 
essence of heat, we have discovered a great number 
of its properties and its laws ; and have done so, by 
pursuing with more or less accuracy the method of 
. induction. We have also this consolation for the 
imperfection of our theoretical knowledge, that, in 
as much as art is concerned, or the possession of 
power over heat, we have perhaps all the advantages 
that could be obtained from a complete knowledge 
of its essence. 

An equal degree of mystery hangs over the other 
properties and modifications of body ; light, elec- 
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tiieky, m^Detism, elasticity, grttvity, are all in the 
aame circmnstances -; and the only advance that 
philosophy has made toward the discovery of the 
esseilic^s of these qnaltties Or substances is, by «x«- 
ploding some theories, rather than by establishing 
any, — so tme is Bacon's maxim, that the first ^teps 
in philosophy necessarily consist in negative propo- 
sitions. Besides this, in all the dbiove instances the 
laws <^ action have been aiscertained ; the phtoo- 
mena have been reduced to a few g^eral facts, 
and in some cases, as in ihat of gravity, to one 
lonly ; and for ought that yet appears, this is the 
Inghest point which our science is destined to readi. 
In consequence of supposing a greater perfection 
in knowledge tluin is ever likely to be attained. 
Bacon a(>pears, in some respects, to have mlia|9pre- 
hended the way in which it is ultinlMely to becotoe 
Applicable to art. He concaves that, if the Jbiin 
of any quality were known, wciAould be able, Uy 
inducing that form on anyhody, to cmriiriuiliciite 
to it the said quality. It is hot probable, however, 
that this would oflen'lead toa more easy and sim- 
ple process than that which art hts already 'invent- 
ed. In the case of colour, for examjile, though 
ignorant ' of its^fiw, or of the construction of sur- 
face Which enables bodies to reflect only light of a 
particular species, yet we know how to commutli- 
' cate that power from one body to toother. Noris 
It likely, though this structure were known with 
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ewev sa great prfiwio)^ thfit. Hje ifiould. b^ able tp 
kgfart it to bodiea by ai\y jnieans w un^le and 
«aqi:, as by the commim prooew of inune^^smg them 
m a li(]pud of a giv^ cokwr* 

In some ioataQcesj hovveveri, the theories of che- 
mistry haw led to unproiYemeDts of art very con- 
formable to the anticipations of the Notxum Orga^ 
mm* A lemarkable iv^tanco of thja occu^ iu the 
preceas. f«r Ueachiiig, i^v?^ted by BesthoUet. It 
had been lor aome tiiae kiH^^«> that the combina- 
tioB of the chemical principle of oxygen with the 
wlouzing matter ux bpdies, destroyed, of dischar- 
gdd, the colour } and tlutf;, in the common process 
of bteachingt it was chiefly by the union of the 
^ygen of the air with the colouring matter in the 
idptli^ that this eff^t was produced* The esfcel- 
J^( chemist just named conceivedt therefore, thf^t 
if (be oxygen could be presented to the cloth iu a 
^ense statej^ and, at the same time» fe^ly combu^- 
ed wi(h any other body, it might unite itself to ti^ 
colouring matter so readily, that the p^rocesa of 
bleaching would by that means be greatl]^ accele- 
rated. His sl^ill in chemistry suj^^ste^ (o hhn a 
ivfiy in which this might easily be done, by im- 
mersing the cloth in a liquid containing mu^ 
^Yff^ in a loose state, or one in which it was 
filightly coqibined with other substapces, and tl^e 
^ffi^pt followe4 so exactly, th^( h^ W^ ^^^ tp per- 
fo^ in a few hours wh^t required we^, ai)d 
even mQflithi}, a9cpr4ing to tl^p comiqon pfoc^. 
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This improvement, therefore, was a red gift from 
the sciences to the arts ; and came nearly, though 
not altogether, up to the ideas of Bacon. I sus- 
pect not altc^ether, because the manner in which 
oxygen destroys the colour of bodies, or alters 
the structure of their surfaces, remains quite un- 
known. 

It was natural, however, that Bacon, who studied 
these subjects theoretically, and saw no-where any 
practical result in which he could confide, should 
listen to the inspirations of his own genius, and 
ascribe to philosophy a perfection which it may be 
destined never to attain. He knew, that from 
what it had not yet done, he could conclude no- 
thing against what it might hereafter accomplish. 
But after his method has been followed, as it has 
now been, with greater or less accuracy, for more 
than two hundred years, circumstances are greatly 
changed ; and the impediments, which, during all 
that time, have not yielded in the least to any ef- 
fort, are perhaps never likely to be removed. This 
may, however, be a rash inference ; Bacon, after 
all, may be in the right ; and we may be judging 
under the influence of the vulgar prejudice, which 
has convinced men, in every age, that they had 
nearly reached the farthest verge of human know- 
ledge. This must be left for the decision of po*- 
sterity ; and we should rejoice to think, that judg- 
ment will hereafter be given against the opinion 
which at this moment appears most probable. 
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Section III. 
MECHANICS- 

1. Theory of Motion. 

Bejtobe the end of the sixteenth century, , me* 
chanical science had never gone beyond the pro-; 
blems which treat of the equilibrium of bodies, and 
had been able to resolve these accurately, only in 
the cases which can be easily reduced to the lever. 
Guido Ubaldi, an Italian mathematician, was 
among the first who attempted to go farther than 
Archimedes and the ancients had done in such in- 
quiries. In a treatise which bears the d^te of 
1577» he reduced the pulley to the lever, but with 
respect to the'inclined plane, he continued in . the 
same error with Pappus Alexandrinus, supposing 
that a certain force must be applied to sustain a 
body, even on a plane which has no inclination. 

Stevinus, an engineer of the Low Countries, is 
the first who can be said to have passed beypnd 
the point at which the ancients had 8to{^ied, . by 
determining accurately the force necessary to sus- 
tain a body on a plane inclined at any angle to, the 
horizon. He resolved also a great number of other 
problems connected with the preceding, but, never- 
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thelessy did not discover the general principle of 
the composition of forces, though he became ac- 
quainted with this particular case, immediatdy ap- 
plicable to the inclined plane. 

The remark, that a ehnin htd on ai) .inclined 
plane, with a put of it hanging over at top, in a 
petpendicular Hue, will be in e^mtibrio^ if the two 
ends of the chain reach down exactly to the same 
bvd, led him to the eonelu^n, that a body may 
be tuppoifed on such a plane by a force #hi^ 
dMws ih a direction parallel to it, and has tef the 
Weight of tiie body tl^ siMe ratio tbafi the heigM 
of the plade has to its length. 

Though it was probably from experience: fha< 
Stevinus derived the kxtowled^ of tMi propodtieii, 
he atiempccfd to prove the truth of it by reasotnrig 
A pthri. He suppesed the tna extteaikies ef th0 
chain, when ditfposcfd as above, fa be comiected b;^ 
a part similar to the rest, #hieb, therefore^ mttti 
hattg downi and form an arch. If in this itate^ 
iMiys he^ the eliain wete to move at dl, it Would 
continue to moVe for ever^ beeause it^ situation, on 
the whdle^ never changiug^ if it were determined 
td move at one instant^ it must be so determined at 
every other instant. Now, such peipetual motion^ 
he adds, is imposdble, and therefore the chains aft 
here supposed, with the arch hanging below, doel; 
not move. But the force of the arch below draws 
down the ends of the chain equally, because the 



anb if dUiikd in tin midUIe or hmeet point inlQ 
t wp pute i UM Jii r «id eqiat. Take mtmf tkme tarn 
efibl fiMMy Md tbe temimmg towms wttt dip lie 
eXfBtif tdnltiB^ Ae t eu d euc y of tbe dubi tor dtfCBiid 
along tli0 mdiDcd plane» wni tbeopponte tandeKjfi 
qS the pait hsnging pcrpenficulBr^ dmrn,, are 
eqoal, orne tir e^trifilm with one amidier. Sucb « 
the renDqing of Stovinw, iflueh^ whether perfteb 
\j utiakekory or not, mut be eeknowledged tete 
extraneiy ingeniotifr $ai highly denrvi^g of afer 
teotfOBy as having ibmished the int sohition of ^ 
pifeUen, by which the progrese of nedumical 
MMUoe had been hmg arveited* The first appear* 
ance of hb sohiticm is said to hfm had the date ef 
1585 } bet his woifcsy as we now see them^ weie 
coUected after his death, by his cottutrymaa Albert 
Oifsfd, and piAIished at Leyden in l6S4. * Scum 
disooferiof of 9te?inus in hydrostatiei will be here- 

The pexwn who oomes next:in the history of 
iMehaaioB made a great levdution in the physical 
Galileo was bom at Pisa in the year 



• The sditioii of Albert Oirard u entiCled (Buvret Maiktf 
mati^ptes di Slevins, in folio^ See livia hDe la Siatique, 
Theorem 11. Stevinus alao wrote a treatiBe on iuivigatioii> 
which was published in Flemish in 1586^ and was after- 
wards honoured with a translation into Latin, by GroCius. 
The merit of Stevinus has been particularly noticed by La 
Grittige. Micumqut Analjfiique, Tom. L Sect 1. { 5. 
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1564. He early applied himself to the study of 
mathematics and natural philosophy ; and it is from 
the period of his discoveries that we are to date the 
joint application of experimental and geometrical 
reasoning to explain the phenomena of nature. 

As early as 159i he pidlilished a treatise, delta 
Scienza Mecamcoy in which he has given the 
theory, not of the lever only, but of the inclined 
jdane and the screw ; and has also laid down this 
gaieral proposition, that mechanical engines make 
a small force equivalent to a great one, by making 
the former move over a greater space in the same 
time than the latter, just in proporticm as it is less. 
No contrivance can make a small weight put a. 
great one in motion, but such a one as ^v^ to the 
small weight a velocity which is as much greater 
than that of the laige weight, as this last we^ht is 
greater than the first These general propositions, 
and their influence on the action of machinery, 
Gralileo proceeded to illustrate with that clearness, 
simplicity, and extent of view, in which, he was 
quite unrivalled ; and hence, I think, it is fair to 
consider him as the first person to whom the me- 
chanical principle, since denominated that of the 
Virtual velocities^ had occurred in its full extent. 
The object of his consideration was the action of 
machines in motion, and not merely of machines 
in e^uilibriOf or at rest ; and he showed, that, if 
the e£fect of a force be estimated by the weight 
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it can raise to a ^ven height in a given time, 
this eflfect can never be increased by any mechani- 
cal contrivance whatsoever. 

In the same treatise, he lays it down as a postu- 
late, fsupposizianefj that the eflfect of one heavy 
body to turn another round a centre of motion, is 
proportional to the perpendicular drawn from that 
centre to the vertical passing through the body, or 
in general to the direction of the force. This pro- 
position he states without a demonstration, and 
passes by means of it to the oblique lever, and 
thence to the inclined plane. To speak strictly, 
however, the demonstrations with respect to both 
these last are incomplete, the preceding. proposition 
being assumed in them without proof. It is pro- 
bable that he satisfied himself of the truth of it, on 
the principle, that the distances of forces from the 
centre of motion must always be measured by lines 
making the same angles with their directions, and 
that of such lines the simplest are the perpendicu- 
lars. His demonstration is regarded by La Grange 
as quite satisfactory. * "^ 

Galileo extended the theory of motion still far- 
ther. He had b^un, while pursuing his studies 
at the university of Pisa, to make experiments on 
the descent of falling bodies, and discovered the 
fact, that heavy and light bodies fall to the ground 
fhmi the same height in the same time, or in times 

• M6canique Analytique^ Tom I. Sect 1. § 6. 



M Msrlgr ^ wne, thai the diftrince oMi^iilgr. be 
aaerSN^ to^the 9«0istflMe of Ite air. £paiaall0eKK 
ing the vibrations of the laaifft ki. the ciilwAnli, h». 
alsQ arrorad at thk wrf IqpaBlwt aiaalemnB m 
iQeehanje^ tbaft Aa gwat and die aoMUi TibritiioMk 
ef that flames pwd^m an peiafomed m die s$m» 
fime^ and that tibistive dqwKd» eaJyon tha fengd^ 
ef t)ie peiNdkilm* The date ef dieie ohaaff^atiMa 
geeft baek as far a« the year t5ft9« 

These. expeiimeMts draw upei^ Iran the dispba*! 
sure of his masten who eensidaced it aa imbeea»% 
'mg of their |up3 to seek lor truth iu the Beek of 
Nature rather than i^ the imtinga af ' Aristntkw 
when elucidated by their eoioaaeotaries^ aad from 
that moment begjan the persecutbaa adtk ifhidh 
the prejudiea» the jeahuiay^ and bigotry of hia eoAt 
temporariea eoutiuued to hsrass or affliet tkis graat 
man throughout hia whole life. 

That the aecelenition of faUmg bodies is unw 
fonui w% that they raomve equal increments of y^T 
loeity bk e()ual tlme«» he appears first to have asv 
9umed as the law which they follow, merely on aor 
count of its simplicity. Having once assumed this 
principle, he abowed, by mathematical reasoningt 
that the spacer desoended through must be as the 
squares of the timei^ and that the space fallen 
through iu one lecond is juitt the half of that which 
the body would have described in the same time 
with the velocity last acquired. 



9nv9fcNL sdsircc. 141 

^M¥ABdge 'nhieh he dveady had of 41ie 
•(iMpmies'of the 4ii(ditied ftoie endbted htm wty 
'Veaflfly «> )pettiiMve^ 4;hit a body destfmdfaig ob ncli 
«i|iIaiie^moWl]etiiii<bMftty^^ tmm 

^i!(km4y^<baB Mrhim it'Ms directly, and is MG«l«nt- 
«ed>by'St8'Whdfe Wd^ht. Bytteaiu of 4he iaelfai- 
<A ]^kd!fe» 1itef«filiie, \ie mas ibie to brii!^ tike ^nJioIe 
^eUry^>f fallmg bofdies to ike UM of experiitteiit^ 
Md'^'pMMe the tMth of his drighial ^asstimptioiiH 
ASie KniTi^rmity of • theSr Mcelerakioii. 

tih ii6kt BMp wite to determine the path of a 
lielivy body, #hen obliquely projected. He shoir- 
'^'this path to be a parabola j and here, for the 
^fifSt l3kle,*o6etfrs -the we of a principle which fo 
the same with the collipositidn of ^motion in its fall 
'fbcteift. Galileo, howevt^r, gave no name to this 
principle ; he ^did ^Mt enmseiate it generally, nor 
did he give any dettidnMntim of4t, though he em- 
ployed it in 4iiii ve^sdtiings. The mertia of body 
'wasasntimed in the' same manner; it was, indeed, 
involved in the uniform acceleration of falling bo- 
AieB, for Ihete bodies did not lose in one minute 
Che^motidn acquired in the preceding, but, retain- 
ing it, 'went on eontinudlly receiving more. 

The'theory of the inclined plane had led to the 

-knoirfedge 6f this proposition, that, if a oircle 'be 

placed vertically, the chords of different arches 

terminating in the lowest point of the circle, are 

all descended through in the same qiace of time. 
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This seemed to ekplain why^ in a ciidei the great 
and the small vibrations are of equal duration. 
Here, however, Gralileo was under a mistake, as 
the motions in the chord and in the arch are very 
dissimilar. The accelerating force in the chord 
remains the same from the banning to the end, 
but, in the arch, it varies continually, and becomes, 
at the lowest point, equal, to npthing. The times 
in the chords, and in the arches, are therefore dif- 
ferent, so that hete we have a point marking the 
greatest distance in this quarter, to which the me- 
chanical discoveries of Galileo extended. The 
first person who investigated the exact time, of a 
vibration in an arch of a circle was Huygiens,.a 
very profound mathematician* 

To thb list of mechanical discoveries, already so 
important and exten)sive, we must add, that Galileo 
.was the fi|»t who maintained the existence of the 
law of continuity^ and who miide use of it as a 
principle in his reascmings on the phenomena of 
motion. * 

The vibrations of the pendulum having suggest- 
ed to Galileo the means of measuring time accu- 
rately, it appears certain that the idea of applying 
it to the clock had also occurred to him, and of us- 
ing the chronometer so formed for finding the 
* .11 I.I.  II I I I  

• Opere di Galileo, Tom. IV. Dial. 1. p. S«, Florence 
edition, and in many other parts. 
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loi^ude, by means of obseryations ' made on tbe 
eclipses of the satellites of Jupiter. How far he 
had actually proceeded in an intenti<m which re- 
quired great practical knowledge, and which after- 
wards did so much credit to Huygens, appears \o 
be uncertain, and not now easy to be ascertained. 
But that the project had occurred to htm, and that 
he had taken some steps towards realizing it, is suf- 
ficiently established* 

One forms, however, a very imperfect idea of 
this philosopher, fr6m considering the discoveries 
and inventions, numerous and splendid as they are, 
of which he was the undisputed author. It is by 
following his reasonings, and by pursuing the train 
of his thoughts in his own elegant, though some- 
what diffuse exposition of them, that we become 
acquainted with tbe fertility of his genius, with the 
-sagacity, penetration, and comprehensiveness of his 
mind. The service which he rendered to reid 
knowledge is to be estimated not only from the 
truths which he discovered, but from the errom 
which he detected,— not merely from the sound 
principles which he established, but from the per- 
nicious idols which he overthrew. His aouteness 
. was strongly displayed in the address with, which 
he exposed the errors of his adversaries, and refut- 
ed their opinions, by comparing one part of them 
with another, and proving their extreme incpnsis- 
tency. Of all the writers who have lived in an 
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age^ mbSA was yet aiily emei^^ from ignaanot 
Mid ibiriMiitiD, Gttlfleo 1ms most ^entkely tlie tone 
gitme pbibsopliyy .and is mast free £rom amy oan- 
taaninatiaii 'of die timeB in taste, asntiment, and 

OpiOMBU 

The diaoeireiiies of this great man oonceraing 
motien diew the stkentioii of philosophers mote 
readity» from the circmnstanee that the astronomi- 
cal theories of Copernicus had directed l^ir atten- 
ftaoB to the same subject. It had become evident, 
Ibflt the great point in .dilute between his system 
and the Ptolemaic must be finally decided by an 
appeal to the natui^ of motion and its laws. The 
great alignment to which the friends of the latto: 
system naturally had recourse was the impossMity, 
« it seemed to them to be, of the swift ^motion of 
ihe earth beii^ able to exist, without the pafcep- 
itian, nsy, even widiottt the destruction, of its inba- 
lutants. It was natund for the followers of Coper- 
nicus to r^y, that it was not ceMain that these 
(two things w^re >incompatiUe ; that there were 
imany eases in which it appeared, that the motion 
common to a whole system of bodies did not affisct 
(the motion of those bodies relatively to one an- 
other; that the question ^must be more deeply in- 
•quiitdiinto:; and that, widiout this, the evidence 
ton opposite sides could <not be &irly and accurately 
eoaqwred. Thus it was, at a very fortunate mo- 
iment, that Galileo made his discoveries in Meeba- 
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nics^ aa thqr ^m^ ieo4/^re4 mpre interestiiig f)y 
ibdee whidi, at tibat rery lime, h^ lum3elf n^s 
making in Aali»Qomy« The system of Copenupus 
had, in this manner, an influence pa the theory qF 
motion, and, of course, on all the parts of natural 
philosophy. The inerlia of xnatter, or, the .ten- 
dency of body, when pnfc i^ n)otion« to preserve tiofi 
quantity and directioD of that n^otion, after the 
cause which impressed it has ceased to apt, is a 
.principle which might stiU have been unkuQwpi jf 
it had not been ibrced upon us by the discqvei:]f of 
the motion of the earths 

The first addition which was made to the me- 
dtanical diacaveriea of Galileo wsa by Torricdli, in 
a trealiBe De Moiu Gnmum naturaliter d^scejfh 
dentium et prqfeeiarura^ * To this ingc^nious xfian 
we are mdebted for the discovery of ^ rqio^d^^e 
property of the centre of gravity, and ^ g^ifc^ 
prittciple with respisct to the equilibrium of bq4i,ep* 
It is this: If there be any nuinber of heavy, bodies 
connected together, and so circurostamfCd,. t)?at: ky 
itheiv motion their centre of. gravity can neiM^er 
ascend nor descend, these bodies, will reqiain at 
rest. This pi^oposition often, fnrnishes tl^ ni^eans 
of resolving very^ifficult questions in lnecha^ip^ 

Descartes, whose name is ao great in philos(^by 
' and mathematics, has also a i place ip th^ history of 

< ' . • ViitRltBiaTiimIUM(!trwl9>.V^>I, ih #7.,. ..... ,. 

▼OL. II. K 
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mechanical discoveiy. With regBatd to the action 
of machines, he laid down the same principle which 
Galileo had established, — ^that an equal effibit ia ne- 
cessary to give to a weight a certain velocity, as to 
give to double the weight the half of tliat velocity, 
and so on in proportion, the eflfect bdng always 
measured by the weight multiplied into the veloci- 
ty which it receives. He oould hardly be ignorant 
that this proposition had be^n already stated by 
Galileo, but he has made no mention of it^ H9, 
ihdeed, always affibcted a disrespect for the read- 
ings and opinions of the Italian phflosopher^ which 
has done him no credit in the eyes of posterity. 

The theory of motion, however, has in sMie 
points been considerably indebted to Descartes. 
Though the reasonings of Galileo certainly iiivoll/e 
the Ictiowledge of the disposftion which; matter has 
't6 preserve its condition either of rcist or of reetilj- 
h'eal And uhifbrm motion, the first distinct enuneia- 
^ tibtl of this law is found in the writings of the 
Frlsnch: philosopher. It is, however, there repre- 
sented, not as mere inactivity, or indifference, but 
as a real force, which bodies exert* in order to pre- 
^^rve their state of rest or of motioo, and this Jnac- 
ctinicy affects some of the reasonings concemiog 

* • » 

'their action on one another; 
'' iDtefeartes, howev^r^. argued very justly^ tfait all 
motion being naturally rectilineal, when a body 
moves in af c^urve, thn nmist arise froui^ some con- 
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sfcmlnt, Of sotte force urging it in a direction dif- 
ftrent from, that of the first impube, and that if 
this cause were removed at any time, the motion 
would become reetiUnealt and would be in the & 
redioa of a tangent, to the curve at the point where 
the deflecting force ceased to act. ; 

.. Lastly, He taught that the quantity of motion in 
the universe retrains always the same. 
, The reasoning by which be supported the first 
nA second of these {Nropositk»is, is not v^ycon^* 
vincing, and jthough he alight Iwre appealed to 'exf 
perieqce for the tcu^h: of both, it was not in the 
i^piiit of his pjiilosc^y to take thftt method: qf de- 
monstrating il^ principles.! His aigument waSf 
that motbn is a state of body, and that body or 
matter cannot change its own state. This was his 
deanonstratioQ of the first proposition, from, which 
the second followed neeeissarily. . , 

The evidence prodtieed fojr thethirdror the pre* 
servation of the same jquantity of motion in .the 
universe, iS/, founded on the immutability of the 
Divine natmre, aud iS/an instance of the intolarnbie 
IMresumption which so. often distingluiahed thej?eai- 
eonings of thi^ philosopher. Thortgh. the immutor 
hility of the Divine nature. wiUre^ily be Admitted^ 
it remaips to. b0 Bbt&m^j that tbe continuance <)f;the 
same quwtity of motienjn the universe i$ a ticmM^ 
4uen$e.of iti • This, indeed, cannot, be shown* 4br 
that quantity, in the sense in which Pescartes on- 



148 MATHEMATICAL AND 

der8tXK>d it, is so £ir from ^ing preserved uniform^ 
that it varies contmually from one instant to an- 
other. It is nevertheless true, that the quantity 
eT motion in the universe, when rightly estimated, 
is invariiMe, that is, when reduced to the direction 
of three axes at right angles to one another, and 
when opposite motions are supposed to have oppo- 
site signs. This is a truth now perfectly under- 
stood, and is a corollary to the equality of action 
and reaction, in consequence of which, whaterer 
motion is communicated in one direction, is either 
lost in that direction, or generated in the opposite* 
This, however, is quite different from the preposi- 
tion o£ Descartes, and if expressed in his language, 
would assert, not that the sum, but that the diflfer- 
ence of the opposite motions in the universe remains 
constantly the same. When he proceeds, by help 
of the principle which he had thus mistake, to de- 
termine the laws of the collision of bodies, his con- 
clusions are almost all false, and have, indeed, such 
m want of consistency and analogy with one msk^ 
«dier, as ought, in the eyes <^ a mathematician, to 
have appeared the most decisive indications «f 
^rror. How this escaped the penetration of a 
man well acquainted with the harmony of geo*- 
metrical truths, and the gradual transitions by 
which they always pass into one another, is not 
easily explained, and, perhaps, of all his errors, is 

the least consistent with the powerful and systema- 

11 
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tic genius which he ia so well known to have pos- 
sessed. 

ThtiSy the dhligatioin which the theory of motioii 
has to this philoso^r^ consists in his having point- 
ed out the nature of centrifugal foiee» and ascribed 
that force to the true cause, the inertia of body, or 
its tendency to umform and rectilineal motimi* 

The laws which actually regulate the collision of 
bodies remained unknown till some years later, 
when they were recommended by the Royal So- 
ciety of London to the particular attention of its 
members. Three papers soon appeared, in wUdi 
these laws were all correctly laid down, though no 
one of the authors had any knowledge of the con- 
clusions obtuoed by the other two* The first of 
these was i*ead to the Society, in November 1668, 
by Dr Wallis of Oxford ; the next by Sir Chrip 
stopher Wren, in the month foUowing, and the 
third by Huygens, in January 1669* The equa- 
lity of action and reaction, md the maxim, that 
the same force communicates to different bodies 
velocities which are inversely as their masses, are 
the principles on which these investigations are 
founded. 

The ingenious and profound mathematician last 
mentioned is also the first who explained the true 
relation between the length of a pendulum, and the 
time of its least vibrations, and gave a rule by 
which the time of the rectilineal descent, through 
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a line equal in length to the pendnhim, might 
from thence be deduo^. He next applied the 
peodalum to legalate the metictt of a clock, and 
gave fin aoeount of hia coDstreddony and the prin- 
oqriea of it, in his Hardlogium OsdUatorhm^ about 
the year I67O, though the date of the invention 
goes as far back as 1656. * Lasdy, .He taught 
how to correct the imperfection of a pendulum, by 
jni&ing it vibrate between cydoidal cheeks, in con- 
sequence of which its vibrations, whether great or 
small, became, not f^proximately, but precisely of 
equal duration. 

' Robert Hooke, a very celebrated English me- 
chanician, laid claim to the same application of the 
pendulum to the clock, and the same nse of the cy- 
doidal cheeks. There is, however, no dispute as 
40 the priority of Huygens' claim, the invention of 
Hooke being as late as 1670. Ctf the cycloidal 
-cheeks, he is not likely to have been even the se- 
cond inventor. Experiment could hardly lead any 
>oiie to this discovery, and he was not sufficiently 
skilled in the mathematics to have found it out by 
mere reasoning. The fact is, that though very 
original and inventive, Hooke was jealous and illi- 
beral in the extreme ; he apprc^ated to himself 
the inventions of all the world, and accused all the 
world of appropriating his. 



• Montuda, Tom. II. p. 418> 2d edit 
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It has alteady been oboerved» that Galilea. coaDh 
oeifed the applkatkm of the pendulum to the 
deck earlier, by several years, than either of the 
periods just referred to. The invention did great 
honour to him and to his two tivalp ; but that 
which ai^es the most profound thinker, and the 
most flkilful mathematician of the three, is the.dis^ 
oovery of the ^relation betweai the length of the 
pendulum and the time of its vibration, and thii; 
discovery behmgs exdusivdy to Huyg^ns* Thfs 
method which : he . followed in his investigatioq, 
availing himself of the properties of the cycloidi 
though it be circuitous^ is ingenipHS, and highly 'm* 
stnictive. 

An invention, in which Hooke has certainly the 
priority to any one, is the application of a spiral 
qNring to r^uhte the balance of a watch, Jt is 
well known of what practipal utility this invention 
has been found, and how much it has contributed 
to the solution of the problem of finding the longi- 
tude at sea, to which not only .he, but Galileo and 
Huygens, appear all to have had an eye. 

In what respects the theory of motion, Huygens 
has still another strong claim to our notice. This 
arises from his solutipn of the problem of finding 
the centre of oscillation of a compound penduli^Di» 
or the length of the simple pendulum vibrating iq 
the same time with it. Without the solution of 
this prol)lem, the conclusions respecting the peir 
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dalunn were inapplicaUe to the oonatructaon of 
clocki, in wkich the penduluiiis used are of neceaat- 
tf compound. The probtem was by no means easy, 
and Huygcfns was obliged to introduce a prind^ 
which had not before been reo^nised, that if the 
eompotind pendulum, after descending to its 1qw<^ 
est point, was to be separated into partides ^stinct 
itnd nntonnected with one another, aind each left 
at liberty to continue its own vibration, the com- 
mdn centre of gravity (^ all those detached weights 
would ascend to the same height to which it would 
haTc ascended had they continued to constitute one 
body. The abore princij4e led him to tlie true so- 
lution, and his investigation, though less 8atirfaet<K 
ry than those which have been since given, doe^ 
great credit to his ingenuity. This was the most 
difficult mechanical inquiry which pt^ceded the in* 
Vention of the differential or fluxionary calculus. 



2. Hydrostatics. 

While the theory of motion, as applied to solids, 
was thus extended, in what related to fluids, it was 
making equal progress. The laws which deter- 
mine the weight of bodies immersed in fluids, and 
dso the position of bodies floating on them, had 
been discovered by Archimedes, and were £ni^er 
illustrated by Gahleo. It had also been discover- 
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ti fay Stevhuw, thirf; the pressure of flMids is in 
prc^rtion to their deptfa^ and thus the two lead- 
ing principles of hydrostatics were established. 
Hydraulics, e/r the motion of fluids, was a matter 
of aiore difficulty, and here the first step is to be 
.iBcnbed to Tomoelli, who, though younger then 
Galileo, was for some time his contemporary. He 
pmrsd that water issues from a hole in the.side or 
bottom of a vessel, with the vdocity which a body 
would acquire, by faUing from the lerd of the sur- 
fiioe to the level of the orifitpe. This prc^iKMition, 
liow so well known as the basis of the whole doe- 
trine of hydraulics, was first published by Torri- 
pelli at the end of his book, De Molu Gravitan et 
Pfiffectomm ; but it is not the greatest discovery 
whtdi science owes to the friend and disciple of 
GalSeo. The latter had failed in asagning the 
reason why water cannot be raised in pumps hi^mr 
tlisn thirty-three feet, but he had remarked, that if 
a pump is more thsn thirty-three feet in length, a 
vacuum will be left in it. Torricelli, reflecting on 
this, conceived, that if. a heavier fluid than water 
were used, a vacuum might be produced, in a way 
far dunrter, and more compendious. He tried mer- 
cury, therefi}re^ and made use of a ^ass tube about 
thiee feet long, open at one end, and close at the 
other, where it terminated in a globe. He fiUed 
this tube, shut it with his filler, sad inverted it 
m a basin of mercury. The result is well known ; 
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fimiid that a coiuom of mercury was suspend- 
ed in the tube, an effect wbich lie immedktely 
ascribed to the pressure of the atmosphere. So 
disinterested was this philosopher, however, that he 
is said to have lamented that Galileo^ when inquir- 
ing into the cause why water does not ascend in 
pumps abore a certain height, had not disoovered 
the true cause of the phenomenon. The generosi- 
ty of Torricelij was perhaps rarer than his genius ; 
-—there are more who might hare discovered the 
auspension of mercury in the barometer, than who 
would have been willing to part with the honour of 
the discovery to a master or a friend. 

This experiment opened the door to a multitude 
of new discoveries, and demo&hed a formidable 
idol, the horror of a vacumn, to which so much 
power had been long attributed, and before which 
even Galileo himself had condescended to bow. 

The objections which were made to the esph- 
nation of the su^nsion of the mercury in the tube 
of the barometer, were overthrown by carrying that 
imtrument to t3ie top of Puy de D6me, an experi- 
moit suggested by Pascal. The descent of the 
-mercury showed, that the pressure which supported 
it was less there than, at the bottom ; and it was 
afterwards found, that tiiie fall of the mercury cor- 
responded exactly to the diminution of the length 
of the pressing column, so that it afibrded a mea- 
sure of that diminution, and, consequentiy, of the 
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heights ^ mbvmtams. The iavention of the air-i 
piAnp by OMo Guerickei burgomaster of Magdivc 
biit^, qoieklj followed that of tibe barometer by 
Totricelli, though it does not appear that the iok 
i^ntaon of the Italian philosopher wa» knowa to 
the German. In order to obtain a qpoee* entirdy 
ybid of dity Otto Guericke filled a barrel with wb« 
ter» iand hating dosed it exactly on/aH sides, began 
to draw out the water by a suckingwpinnp applied to 
the^ hxfter part of the vessel. He had proceeded but 
a very little way, when the air burst into the hanel 
with a loud noise, and its weight was proved by the 
fktinre of the experiment, as Actually as it conld 
have been by its sueciess. After some other trials, 
which also failed, he thought of employing a sphere 
of glass, when the experiment succeeded, and a va* 
cmnn was obtained. This was about the year 1654« 
' The elasticity of the air, as well as its we^ht, 
now became known ; its necessity to combustion, 
and the absorption of a cartain proportion of it, 
duripg that process ; its necessity for conveying 
sound } — all these thii^ were clearly demonstrated^ 
The necessity of air to the respiration of animals 
required no proof from experiment, but the sudden 
extinction of life, by immersion in a vacuum, was a 
new illustration of the fact. 

The first considerable improvements made on 
the air-pump are due to Mr Boyle. He substitut- 
ed to the glass globe of Otto Guericke a receiver of 
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a more commddious form, and constructed his pump 
80 as to be worked with much more fiiciiity. His 
^q>erimeiits ware farther extended,— they placed 
the weight and ehurticity of the air in a variety of 
new ligfats,— they made known the power of air to 
dissolve water, &c. Boyle had great skill in con-* 
triving, and great dexterity in performing experi- 
ments. He had, indeed, very early applied him« 
self to the prosecution c^ experimental science, and 
was <me of the members of the small but distinguish* 
ed body, who, during the dvil wars, held private 
meetmgs for cultivating natural knowledge, on the 
j^an of Bacon. They met first in London, as ear« 
ly as 1645, afterwards at Oxford, taking the name 
of the PkilosophicCoilege. Ofthem, when Charles 
the Second ascended the throne, was formed the 
Royal Society of London, incorporated by letters 
patent in 1662. No one was more useful than 
Boyle in communicating activity and vigour to the 
new institution. A real lover of knowledge, he was 
most zealous in the pursuit of it ; and having tho- 
roughly imbibed the ^irit of Bacon, was an avow- 
ed enemy to the philosophy of Aristotle. 
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Section IV. 
ASTRONOMY. 

1. AkCIENT AsTftOMOMY. 

It has already been remarked^ that the ancients 
made more ccmsiderable advances in astronomy than 
in almost any other of the (diysical sciences. They 
Sfplied themselyes dilig^atly to observe the heavens^ 
wd employed mathematical reasoning to connect to- 
gether the insulated facts, which are the only objeetft 
of direct observation. The astronomer discovers 
nothing by he^ of his instruments, but that, at a 
given instant, a certain luminous point has a partis 
Cttlar position in the heavens. The ai^ication of 
madiematics, and particularly of spherical trigono- 
metry, enables him to trace out the precise tract of 
tins luminous spot ; to ^scover the rate of its mo- 
tion, whether varied or uniform, and thus to re- 
solve the first great problem which the science of 
astronomy invdves, viz. to express the poations df 
the heavenly bodies, relatively to a given plane in 
ftmetions of the time. The problem thus genersHjr 
enunciated, comprehends all that is usually called 
by the name of descriptive or mathematitol wAw- 
nomy. 
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The explanation of the celestial motions, which 
naturally occurred to those who b^an the study of 
the heavens, was, that the stars are so many lumi* 
nous points fixed in the surface of a sphere, having 
the earth in its ccaitre, and revolving on an axis 
passing through that centre in the space of twenty- 
four hours.. When it was observed that all the 
stars did not partake of this diurnal motion in the 
•Mie^d^ref , btit that som^ were carried slowly to- 
watds ihe east, and that their paths estimated in 
thut direction, aft^r certain intervals of time;, ce* 
turoed into themselves, it was believed thftt th^ 
weie fixed in the surfaces of spheres, which revolved 
westward* mote slowly than the sphere of the fixed 
stwrs.. These sfhetes must be transparent, c^ made 
of some ciyataUine substance, : and hence the ifame 
of the crystalline sphetesy'by which they wei-e dis- 
tinguished. This system^ though it grew mpre 
complicated in proportion to. the number rad varie- 
ty of the pbenomena observed, was the system i of 
Jlristotle aod Eudoxus, and, w)th a fewexceptioosb 
of all tl]^ philosophers of antiquity* . 

But whep the bu^ipess of observation came to be 

Ips, and th^r supo^psoirs in the^Al^xim^riaB.s^opl^ 
b^gan to st^y tbfei.pli^npmena.of thi^ tieay^iis»)Uui)- 
tle iBiras swd. pf th^seiorbs j and; astronomers $mw^ 
o|ily desiroua of ascertaining tl^e laws or. tbc^ g^erql 
facts concerning the planetary motions. 



To do tUsy however^ iraftfaeut the iiitroduc^ 
bypethesifii vvas. oertaioiy difiieidki and probably waa 
dKn iiBposaiUe. The simplest and most natui'al 
hypotheais was» that the i^anets moved eastward in 
ciidegg and at a unifonn iMbe. But when it was 
found that, instead df moving uniformly to the east* 
wavd, every one x>f them was subject to great irre- 
.gdarity, the motion eastward becpn^ii^ at Certain 
periods slower, and at length vanishing altogether^ 
'SO that the planet hecaune stationary,, and afterward^ 
aoqutriog a motion in the contrary direction, pro- 
ceeded for a tim^ toward the west, it was far from 
obvious how all these appearances could be recon- 
ciled with the idea of a unifonn circular moU(Hi. 

The solution, of this difficulty is ascribed to Applr 
lontos Pei^peuS) one of the greatest geometers of 
antiqm'ty* He oofioeii^d that* in the oircamiier-- 
ence of a oi«d«,, having the earth for its cefftir^ 
there moved the centre of another circle, in the 
cireuBEifecence of which the plwQt actually, revolve 
ed^ The first of these cufdes was called the d^jfer^ 
enii and the second the ^pif^cle^ and th^ motipp 
in the circumferepce of each was supposed un^pm^. 
Lastly, it WES eon0ei^, ^i^t the mo^ipn^of tli^^n- 
tie.of the epicyele in the. 0}rdmn%^n€^. oj^,the dj^ 
ferent, and of the planet in that pf i;ho epi^«l|% 
were in oppmite direetio9$i : th^ fir^t being tqifards 
the eaaty^and the Second/ tQwands thg w^ty. . In^tU^s 
way, thealteratipila frc^i. prcgrea^iye fp rp^Pg^luK 
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with the mtemediate atationarypoiBtSt were readily 
explained, and ApoUeBiua carried his in^eatigitioii 
80 far as to determme the ratio between the raduu 
of the deferent, and that of the epicyde^ fixnn kaoitf- 
ing the stations and r etrogradatiom of any partioii- 
lar planet. 

An olgeet, which was then considered as of 
great importance to astronomy, was thus aocovb- 
plished, Tiz. the production of a variable motion, or 
one which was continually changing both its isite 
and its direction from two uniform circular motitms, 
each of which preserved always the same quantity 
and the same direction. 

It was not long before another application was 
made of the method of epicycles. Hi^pardius, 
the greatest astronomer of antiquity, and one of the 
inventors in science most justly entitled to admira- 
tion, discovered the inequality of the sun's apparent 
motion round the earth. To explain or to express 
this irr^ularity, the same observer imagined an 
epicycle of a small radius with its centre moving 
uniforn^ly in the circumference of a large circle, of 
which the earth was the centre, while the sun re- 
volved in the circumference of the small circle wiA 
the same angular velocity as this last, but in a con- 
trary direction. 

As other irr^ularities in the motions of the 
moon and of the planets were observed, other epi- 
cycles were introduced, and Ptderoy, in his Akmh 
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ge$tj eBumerated all which then appeared neces- 
sarj, and assigned to them sach dimensions as ena- 
bled them to express the phaiomena with accuracy. 
It is not to be denied that the Systran of the 
heavens became in this way extremely complicated ; 
though, when fairly examined, it will appear to be 
a work of great ingenuity and research. The an- 
cients, indeed, may be regarded as very fortunate 
in the contrivance of epicycles, because, by means 
of them, every inequality which can exist in the an- 
gular motion of a planet may be at least nearly re- 
presented. This I call fortunate, because, at the 
time when ApoUonius introduced the epicycle, he 
had no idea of the extent to which his contrivance 
would go, as he could have none of the conclusions 
which the author of the Mecaniquc CSleste was to 
deduce fit)m the principle of gravitation. 

The same contrivance had another great advan* 
tage ; it subjected the motions of the sun, the 
moon, and the planets, very readily to a geometri- 
cal construction, or an arithmetical calculation, nei- 
ther of them difficult. By this means the predic- 
tion of astronomical phenomena, the calculation of 
tables, and the comparison of those tables with oIk 
servation, became matters of great facility, on which 
facility, in a great measure, the progress of the 
science depended. It was on these circumstances, 
much more than on the simplicity with which it 
amused w deceived the imagination, that the po* 

VOL. II. L 
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pulaiity of this theory was founded ; the asoendant 
which it gained over the minds of astronomers, 
and the resistance which, in spite of facts and ob- 
servations, it was so long able to make to the true 
system of the world. 

It does not appear that the ancient astronomers 
ever considered the epicycles and deferents which 
they employed in their syrtem as having a physical 
existence, or as serving to ejpplain the causes of the 
celestial motions. They seem to have considered 
them merely as mathenuttical diagrams, serving to 
express or to represent those motions as geometri- 
cal expressions of certain general facts, which 
readily furnished the rules of astronomical calcula- 
tion. 

The language in which Ptolemy speaks of the 
epicycles is not a little curious, <md Tery oonfonna- 
ble to the notion, that he considered them as mere- 
ly the means of expressing a general law. After 
laying down the hypothesis of certain epicycles, 
and their dimensions, it is usual with him to add, 
<< these suppositions will save the phenomena.^' 
Save is the literal translation of the Greek word, 
which is always a part of the verb SA>^««r, or some 
of its compounds. Thus, in treating of certain 
phenomena in the moon's motion, he lays down twa 
hypotheses, by either of which they may be expres- 
sed ; and he concludes, *' In this way the rimilitude 
of the ratios, and the proportionality of the times, 
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be Moed (J^iouroi^oivro) on both suppositions/' ^ 
It is plain, from these words, that die astronomer 
did net here consider himself as describing any 
thing which actually ensted, but as explaining two 
artifices, by either of which, certain irregularities 
in the moon's motion may be represented, in con- 
sistence with the principle of uniform relodty. The 
hypothesis does not relate to the explanation, but 
merely to die expression of the fact ; it is first aa* 
sumed, and its merit is then judged of synthetkal- 
ly, by its power to savCf to reconcile, or to r^re- 

* Mathematiea Sjoitaxis, Lib. IV. p. 223 of the Paris edi- 

tioiu Mflton, the extent and acciincy cxf vhose erudition 

can never he too much admired^ had probably in view ihis 

phraseology of Ptolemy^ when I^e wrote the foUoving 

lines :-« 

** He his fabric of the HemTens 
Hftth left to their ditputee, peihapi to move 
Hia latighter at their , quaint opinioof wide 
Ueieafker, when thcjr oone to model Heaven 
And calculate the itaBi, how they wifl wield 
The mighty ftame, how hvtklt nnbnild, eootriip 
To uttfe ^ppMnMcer, how gird the kpheie 
With oentiick and eooeotiick icribbled o*cr, 
Cjde and epicTcle, orb in oib."^ 

The obsolete verb to sahe is employed by Bacon^ and 
many other of the old English writers in the same sense 
with Soi^ary in the work of Ptolemy here i^rred to. ** The 
schoolmen were like the astronomers^ wJio, to tahfc pheno* 
mena, framed to their conceit ecoentilcks and epicycles; so 
they^ to salve the practice of the churchy had devised a great 
number d£ strange po8itions.'^«^Bacon. 
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sent appeanoices. At a time when the matheitia* 
ticsl sciences extended little beyond the element^ 
and when problens which co«ld not be. resolved by 
ciicles and straight lines, could hardly be resolved 
at all, such artifices as the preceding were of the 
greatest value. They were even more valuable 
than the truth itself would have been in such cir- 
cumstances j and nothing is morecertain than that 
the real elliptical orbita of the planets, and the uni- 
form description of aieaa, would have been very un«* 
seasonable discoveries at the period we are now 
treating of. The hypotheses of epicycles, and d 
centres of uniform motion, were well accommodate 
ed to the state of science, and are instances of a 
false system which has materially contributed to the 
establishment of truth. 



2. Copernicus and Tycho. 

On the revival of learning in Europe, astrono- 
my was the first of the sciences which was r^ne- 
rated. Such, indeed, is the beauty and usefulness 
of this branch of knowledge, that, in the thickest 
darkness of the middle ages, the study of it was 
never entirely abandoned. In those times of ig- 
norance, it also derived additional credit from the 
assistance which it seemed to give to an imaginary 
and illusive science. Astrology, which has exer- 
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SO durable and extensive a dominion over 
the human mind, is coeval with the first observa- 
tions of astronomy. In the middle f^s, remaric- 
able for the mixture of a few fragments of know- 
ledge and truth in a vast mass of ignorance and 
error, it was assiduously cultivated, and, in coti* 
junction with alchemy and magic, shared the fa- 
your of the people, and the patronage of the great. 
Xhiring the thirteenth and fourteenth centunes, it 
was taught in the universities of Italy, and pi^ofes- 
sors were appointed, at Pbdua and Bologna, to in- 
struct their pupils in the influence of the stars. 
Everywhere through Europe the greatest respect 
was shown for this system of imposture, and they 
who saw the deceit most clearly, could not always 
«»rdd the diagrace of being the instruments of it. 
Astronomy, however, profited by the illusion, and 
was protected for the great assistance which it 
seemed to afford to a science more important than 
itself. 

Of those who cultivated astronomy, many were 
infected by this weakness, though some were com* 
pletely superior to it. Alphonso^ the King of 
Castile, was among the latter. He flourished 
about the middle of the thirteenth century, and 
was remarkable lor such freedom of thought, and 
such boldness of language, as it required his royal 
dignity to* protect* He applied himsdf diligently 
to the study of astronomy ; he perceived the inaccu- 



166 MATHEMATICAL A1»D 

racy of Ptolemy's tables^ and endeavoured to eor- 
rect their errors by new tables of his own. These, 
in the course of the next age, were found to have 
receded from the heavens^ and it became more and 
more evident that astronomers had not yet dis- 
covered the secret of the celestial motions. 

Two of the men who, in the fifteenth century, 
contributed the most to the advancement of astro- 
nomical science, Purbach and R^pbmontanus, 
were distinguished also for their general know- 
ledge of the mathematics. Purbach was fixed at 
Virana by the patrona^s of the Emperor Fisde- 
rick the Third, and devoted himself to astronomi- 
cal observation. He published a new edition of 
the Abnagest, and, though he neither understood 
Greek nor Arabic, his knowledge of the subject 
enabled him to make it much more perfect than 
any of the former translations. He is said to have 
been the first who applied the plummet to astrono- 
mical instruments; but this must not be under- 
stood strictly, for some of Ptolemy^s instruments, 
the parallactic for instance, were placed perpendi* 
cularly by the plumb line. 

Regiomontanus was the disciple c^ Purbach, and 
is still more celebrated than his master. He was 
a man g[ great learning and genius, most ardent 
for the advancement of knowledge, and particular- 
ly devoted to astronomy. To him we owe the iup 
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troduction of decunal fractions^ which completed 
our arithmetical notation, and formed the second 
of the three steps by which, in modem times, the 
science of numbers has been so greatly improv- 
ed. 

In the list of distinguished astronomersi, the 
name of Copernicus comes next, and stands at the 
head of those men, who, bursting the fetters of 
prgudice and authority, have established truth on 
the basis of experience and observation. He was 
bom at Thorn in Prussia, in 14p7S ; he studied at 
the university of Cracow, being intended at first 
for a physician, though he afterwards entered into 
the church. A decided taste for astronomy led 
him early to the study of the science in which he 
was destined to make such an entire revolution* 
and as soon as he found himself fixed and indepen- 
dent, he became a diligent and careful observer. 

It would be in the highest d^ree interesting to 
know by what steps he was led to conceive the 
bold system which removes the earth from the 
centre of the world, and ascribes to it a twofold 
motion. It is probable tiiat the complication of so 
many epicycles and deferents as were necessary* 
merely to express the laws of the planetary mo* 
tions, had induced him to think of all the possible 
suppositions which could be employed for the same 
purpose, in order to discover which of them was 
^e simplest. 
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It appears extraordinary, that so natural a 
thought ahoold have occurred^ at so hte a period^ 
for the first, or nearly for the first time. We ara 
aaaared, by Copernicus himself, that one of the 
first considerations which oflfered itself to his mind, 
was the e£fect produced by the motion of a speeta* 
tor, in transferring that motion to the objects ob< 
served, but ascribing to it an opposite directioiu * 
fVom this principle it immediately followed, that 
the rotation of the earth on an axis, from west to 
east, would produce the apparent motion of the 
hearens in the direction fhmi east to west. 

In eOMidering some of the objections which 
asight be made to the jsystem of the earth's mo- 
timi, Copernicus reasons with great soundness, 
though he is not aware of the full force of his own 
argument. Ptolemy had alleged, that, if the earth 
were to revolve on its axis, the violence of the mo- 
tion would be sufficient to tear it in jHeces, and to 
dissipate the parts. This argument, it is evident, 
proceeds on a confused notion of a centrifugal 
force, the effect of which the Egyptian astronomer 
overrated, as much as he undervalued the firmness 
and solidity of the earth. Why, says Copernicus, 
was he not more alarmed for the safety of the 
heavens^ if the diurnal revolution be ascribed to 
dwm, as thrir mption must be more rapid, in pro- 
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* Astronomia InstauratSj Lib. I. cap^ $. 
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portion as their im^itude is greater ? The argu- 
ment here suggested, now that we know how to 
measure centrifugal force, and to compare it with 
others, carries demonstrative evidence with it, be* 
cause that force, if the diurnal rev<dution were 
really performed bj the heavens, would be such, as 
die forces which hold together the ftame of the 
material world would be wholly unable to resist. 

There are, however, in the reasonings of Co* 
pemicus, some unsound parts, which show, that 
the power o( his genius was not able to dispel all 
the clouds which in that age hung over the hnmatt 
mind, and that the unfounded distinctions of the 
Aristotelian ^ysics sometimes afforded arguments 
equally fallacious to him and to his adversaries* 
One of his most remaricable physieal mistakes was 
his misconception with respect to the parallelism of 
the earth's axis ; to account for which, he thouglit 
it necessary to assume, in addition to the earth^s 
rotation on an axis, and revolution round the sun, 
the existence of a third motion altogether distinct 
from dither of the others. In this he was mista* 
ken ; the axis naturally retains its parallelism, and 
it would require the action of a force to mdce it do 
otherwise. This, as Kepler afterwards remarked^ 
is a consequence of the inertia of matter ^ and for 
that reason, he very justly accused Copernicus of 
not being fully acquainted with his own riches. 

The first edition of the Astronomia Instaurata, 
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the publication of which was solicited by Cardinal 
Schoenberg, and the book itself dedicated to the 
Pope, appeared in 154S, a few days before the 
death of the author.* Throughout the whde 
book, the new doctrine was advanced with great 
caution, as if firom a presentiment of the opposition 
and injustice which it was one day to experience* 
At first, however, the system attrscted little notice^ 
and was rejected by the greater part even of astro- 
nomers. It lay fermenting in secret with other 
new discoveries for more than fifty years, till, by 
the exertions of Gralileo, it was kindled into so 
bright a flame as to consume the philosophy of A« 
ristotle, to alarm the hierarchy of Rome, and to 
threaten the existence of every opinion not found- 
ed on experience and observation. 

After Copernicus, Tycho Brah6 was the most 
distinguished astronomer of the sixteenth century. 
An eclipse of the sun which he witnessed in 1560, 
when he was yet a very young man, by the exact- 
ness with which it answered to the prediction, im- 
pressed him with the greatest reverence for a sci* 
ence which could see so far and so distinctly into 
the future, and from that moment he was seised 
with the strongest desire of becoming acquainted 



* The first edition here aUuded tobore the title of De Re- 
voUUiombus OrUum Cekdnan^ Ubri VL See Biographie 
Univendle, Art Capemicus.— E. 
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with it. Hete, indeed, was called into action a 
propennty nearly allied both to the strength and 
the weakness of the mind of this extraordinary man, 
the same that attached him, on one hand, to the 
calculations of astronomy, and, on the other, to the 
predictions of judicial astrology* 

In yieldmg himself up, however, to his love of 
astronomy, he found that he had several difficulties 
to overcome. He belonged to a class in society 
elevated, in the opinion of that age, above the pur- 
suit of knowledge, and jealous of the privil^e of 
remainii^ ignorant with impunity. Tycho was of 
a noble family in Denmark, so that it required all 
the enthusiasm and firmness inspired by the love of 
knowledge, to set him above the prejudices of he* 
reditary rank, and the opposition of his relations. 
He succeeded, however, in these objects, and also 
in obtainii^ the patronage of the King of Den* 
mark, by which he was enabled to erect an obsep* 
vatory, and form an establishment in the island of 
Huena, such as had never yet been dedicated to as- 
troiUHuy. • The instruments were of far greater 
size, more skilfully contrived, and more nicely di* 
vided, than any that had yet been directed to the 
heavens. By means of them, Tycho could measure 
angles to ten seconds, which may be accounted sixty 
times the accuracy of the instruments of Ptolemy, 
or of any that had belonged to the school of Alex^ 
andria. 
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Among the improTemeiits which he made in the 
art of astronomical obaerrationy was that of verify- 
ing the instruments, or determining their errors by 
actual observation^ instead of trusting, as had been 
hitherto done, to the supposed infallibility of the 
original construction. 

One of the first objects to which die Danish as- 
tronomer applied himself was the formation of a 
new catalogue of the fixed stars. That which was 
begun by Hipparchus, and continued by Ptolemy, 
did not give the places of the stars with an accura- 
cy nearly equal to that which the new instruments 
were capable of reaching ; and it was besides desi- 
rable to know whether the lapse of twelve centuries 
had produced any unforeseen changes in the hea- 
vens. 

Hie great difficulty in the execution of this 
work arose from the want of a direct and easy me* 
thod of ascertaining the distance of one heavenly 
body due east or west of another. The distance 
north or south, either from one another or from a 
fixed plane, that of the equator, was easily deter- 
mined by the common method of meridian altitudes, 
the equator being a plane which, for any given 
place on the earth's surfiK», retains always the same 
position. But no pkne extraiding from north to 
south* or passing through the poles, retains a fixed 
poflition with respect to an observer, and, thereforo, 
the same way of measuring distances from such a 
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plane cazmot be applied. The natural substitute 
is the measure of time ; the interval between the 
passage of two stars over the meridian, bearing the 
same proportion to twenty^four hours, that the 
arch which measures Uieir distance perpendicular 
to the meridian, er their diffisrence of right ascen- 
nott, does to four right angles. 

An accurate measure of time, therefore, would 
answer the purpose, but such a measure no more 
existed. in the age of Tycho, than it had done in 
the days of Hipparchus or Ptolemy. These ancient 
astronomers determined the longitude of the fixed 
stars by referring their places to those of the quoon, 
the longitude of which, for a given time, was known 
from the theory of her motions. Thus they were 
tpacced to depend on the most irregular of all the 
bodies in the heavens, for ascertaining the positions 
of the most fixed, those which ought to have been 
the basis of the former, and of so many other deter* 
minattons. Tycho made use of the planet Venus 
instead of the moon, and his method, though more 
tedious, was more accurste than that of the Gree);: 
astronomers. His catalogue contained the places 
of 777 fi^d stars. 

The irregularities of the moon's motions were 
his next subjects of inquiry. The ancients had 
discovered the inequality of that planet depending 
on the eccentricity of the orbit, the same which 
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18 now called the equation of the centre. * Ptde^ 
my had added the knowledge of another inequality 
in the moon's motion, to which the name of the 
erection has been given, amounting to an increase 
of the former equation at the quarters, and a dimi* 
nution of it at the times of new and full moon. 
Tycho discovered another inequality, which » 
greatest at the octants, and depends on the differ- 
ence between the longitude of the moon and that 
of the ann. A fourlJi irregularity to whidi the 
moon's motion is subject, depending wholly on the 
sun's place, was known to Tycho, but included 
among the sun's equations. Besides, these obser- 
vations made him ae(]piainted with the changes in 
the inclination of the plane of the moon's orbit ; 
and, lastly, with the irregular motion of the nodes, 
which, instead of being always r etrograde at the 
same rate, are subject to change that rate, and even 
to become progressive according to their situation 
in respect of the sun. These are die only inequa- 
lities of the moon's motion known before the theo- ' 
Tf c£ Gravitation, and, except the two first, are all 
the discoveries of Tyche. 

The atmospherical refraction, by which the hea- 
venly bodies are made to appear more elevated 

* The allowance made for any such inequality, when the 
pkoe of a planet is to be computed for a given tbne^ is caK-^ 
ed an equaium in the language of aatronomy. 
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above the horizon than they really are, was sua* 
pected before the time of this astronomer, but not 
known with certainty to exist. He first became 
acquainted with it by finding that the latitude of 
his observatory, as determined from observations 
at the solstices, and from observations of the great- 
eat and least altitudes of the circumpolar stars, aU 
ways differed about four minutes. The effect of 
refraction he supposed to be •S4^ at the horizon, 
and to diminish from thence upward, till at 45" it 
ceased altc^ether. This last supposition is erro- 
neous, but at 45° the refraction is less than 1^, and 
probably was not sensible in the altitudes measured 
with his instruments, or not distinguishable from 
the errors of observation. An instrument which' 
he contrived on purpose to make the refraction 
distinctly visible, shows the scale on which his ob- 
servatory was furnished. It was an equatorial 
circle of ten feet diameter, turning on an axis pa- 
rallel to that of the earth. With the sights of 
this equatorial he followed the sun on the day of 
the summer solstice, and found, that, as it de* 
scended towards the horizon, it rose above the 
plane of the instrument. At its setting, the sun 
was raised above the horizon by more than its own 
diameter. 

The comet of 1570 was carefully observed by 
Tycho, and gave rise to a new theory of those bo- 
dies. He found the horizontal parallax to be 2(/, 
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80 that the comet was nearly three times as fiur off 
as the moon* He considered comets, therefore, aa 
bodies placed fiur beyond the reach of our atmo- 
sph^e, and moving romid the san. This was a 
severe Uow to the physics of Aristotle, which re* 
garded comets as meteors gentfated in the atmo- 
sphere. His observation of the new star in 157S, 
was no less hostile to the argument of the same 
philosopher, which maintained, that the heavens 
are a regipn in which there is neither generation 
nor corruption, and in which existence has neither 
a beginning nor an end. 

Yet Tycho, with this knowledge of astnmimiy, 
and aft^ having made observations more numerous 
and accurate than all the astronomers who went 
before him, continued to reject the system of Co- 
pernicus, and to deny the motion of the earth. 
He was, however, convinced that the earth is not 
the centre about which the planets revolve, for he 
had himself observed Mars, when in opposition, to 
be nearer to the earth than the earth was to the 
sun, so that, if the planets were ranged as in the 
Ptolemaic system, the orbit of Mars must jbave 
been within the orbit of the sun. He therefore 
imae^aed the |7«tem Btill known by his name, ac- . 
cording to which the sun moves round the eardi, 
and is at the same time the centre of the planetary 
motions. It cannot be denied, that the phenome- 
na purely astronomical may be accounted for on 
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thifl hypethesis, and that the oIijectioDS to it are 
ther derived from physical and mechanical consi* 
derations than from the appearances themselves. 
It is simpler than the Ptolemaic system, and free 
from its inconsistencies; but it is more complex 
than the Copemican, and, in no respect, affi>rds a 
better explanation of the phenomena. Hie true 
place of the Tychonic system is between the two 
former ; an advance beyond the one, and a step 
short of the other ; and such, if the progress of 
discovery were always perfectly regular, is the 
]^ace which ft would have occujMed in the history 
^f the science^ If Tyoho had lived before Co- 
pernicus, his system would have been a step in the 
advancement of knowledge ; coming afber him, it 
was a step backward. 

It is not to his credit as a philosopher to have 
made this retrograde movement, yet he is not alto- 
gether without apology. The physical arguments 
in favour of the Copemican system, founded on 
the incmgruity of supposing the greater body to 
move round the smaller, might not be supposed to 
have much weight, in an age when the equality of 
action and reaction was unknown, and when it was 
not clearly understood that the sun and the planets 
act at all on one another. The arguments, which 
seem, in the judgment of Tycho, to have balanced 
the simplicity of the Copemican system, were 
founded on certain texts of Scripture, and on the 

VOL. lU H 
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difficulty of reconciling the motion of the earth 
with the sensations wUcb we experience at its sur- 
.facey or the phenomena which we observe, the 
sam^i in all respects, as if the earth were at rest* 
The ei^riments and reasonings of Galileo had iiot 
. yet instructed men in the inertia of miitter, or in 
the cQipposition of motion ; and the followers of 
Copernicus reasoned on principles which they held 
in common with their adversaries. A ball, it was 
said by the latter, dropt from the mast-head of a 
ship under sail, does not fall at the foot of the 
mast, but somewhat behind it; and, in, the same 
manner, ^ stone dropt from a high tower would 
not fall, on the supposition of the earth's motion, 
at the bottom of the tower, hut to the west of it, 
the earth, during its fall, having gone eastward 
from under it. The followers of Copernicus were 
not yet provided with the true answer to this ob- 
jection, viz. that the ball does actually fall at the 
bottom of the mast. It was admitted that it must 
fall behind it, because the ball was no part of the 
ship, and that the motiw forward was not natural, 
either to the ship or to the ball. The stone, 
on the other hand, let fall from the top of the 
tower, was a part of the earth ; and, therefore, the 
diurnal and annual revolutions which were natural 
to the earth, were alsq natural to the stone ; the 

stone would, therefore, retain the same motion 

1 
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with the tower^ aad strike the ground precisely at 
the bottom of it. 

It must be confessed* that neither of tliese lo- 
gicians had yet thoroughly awakened from the 
dreams of the Aristotelian metaphysics, but men 
were now in possession of the truth, which was 
finally to break the spell, md set the mind free 
from the fetters of prejudice and authority. Ano- 
ther charge, against which it is more difficult 
to defend Tycho, is his belief in the predictions of 
astrology* He even wrote a treatise in defence of 
this imaginary art, and regulated his conduct con- 
tinually by its precepts. Credulity, so unworthy 
of a man deeply versed in real science, is certainly 
to be set down less to his own account than to 
that of the age in which he lived. 



3. Kepler and Galileo. 

Kepler followed Tycho, and in his hands astro- 
nomy underwent a change only second to that 
which it had. undergone in the hands of Coperni- 
cus. He was bom in 1571. He early ^applied 
himself to study and observe the heavens, and was 
soon distinguished as an inventor. He b^n with 
taking ^ more accurate view of astronomical refrac- 
tion than had yet been done, and he appears to 
have been the . first who conceived that there must 
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be a oertam fixed law which determined the quan- 
tity of ity corresponding to every altitudoi from the 
horizon to the zenith. The application of the 
principles of optics to astronomy, and the accurate 
distinction between the optical and real inequali- 
ties of the planets, are the work of the same astro- 
nomer. It was by the views thus presented that 
he was led to the method of constructing and cal- 
culating eclipses, by means of prcgjections, without 
taking into consideration the diumal parallax. 
These are valuable improvements, but they were, 
however, obscured by the greatness of his future 
discoveries. 

The planes of the orbits of the planets were na- 
turally, in the ^demaic systemi supposed to pass 
through the earth, and the reformation of Coper^ 
nicus did not go so far as to change the notions on 
that subject which had generally been adopted. 
Kepler observed that the orbits of the planets are 
in planes passing through the sun, and that, of con- 
sequence, the lines of their nodes all intersect in the 
centre of that luminary. This discovery contribut- 
ed essentially to those which followed. 

The oppositions of the planets, or their places 
when they pass the meridian at midnight, ofkt the 
most favourable opportunities for observing them, 
both because they are at that time nearest to the 
earth, and because their places seen fnmi thence are 
the same as if they were seen from the sun. Th4 
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true time of the oppoBition bad, however, been till 
now mistaken by astronomers, who held it to be at 
the moment when the a^arent place of the planet 
was opposite to the mean place of the sun. It 
ought, however, to have been, when the apparent 
places of both were opposed to one anotiber. This 
reformation was proposed by Kepler, and, though 
strenuously resisted by Tycho, was finally reoeivedl 

Having undertaken to examine the orbit of Mars, 
in which the irregularities are most considerable, 
Kepler discovered, by comparing together seven 
oppositions of that planet, that its orbit is elliptical ; 
that the sun is placed in one of the foci } and that 
tihere is no point round which the angular motion 
is uniform. In the pursuit of this inquiry he found 
that the same thing is true of the earth's orbit 
round the sun ; hence by analogy it was reasonable 
to think, that all the planetary orbits are elliptical^ 
having the siin in their common focus. 

The industry and patience of Kepler, in this in- 
vestigation, were not less remarkable than his inge- 
nuity and invention. Logarithms were not yet 
known, so that arithmetical computation, when 
pushed to great accuracy, was carried on at a vast 
expence of time and labour. In the calculation of 
every opposition of Mars, the work filled ten folio 
pt^es, and Kepler repeated each calculation ten 
times, so that the whole work for each opposition 
extended to one hundred such pages ; seven oppo- 
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sitions thus calculated produced a large folio to- 
lume. 

In these calculations the introduction of hypothe- 
ses was unavoidablci and Kepler's candour in rgect- 
ing them^ whenever they appeared erroneous, with- 
out any other r^ret than for the time which they 
had cost him, cannot be suffidently admired. He 
began with hypothesis, and ended with rejecting 
every thing hypothetical. In this great astronomer 
we find genius, industry, and candour, all uniting 
t<^ether as instruments of investigation. 

Though the angular motion of the planet was not 
found to be unifonn, it was discovered that a very 
simple law connected that motion with the rectili- 
neal distance from the sun, the former being every 
where inversely as the square of the latter ; and 
hence it was,easy to prove, that the area described 
by the line drawn from the planet to the sun in- 
creased at a uniform rate, and, therefore, that any 
two such areas were proportional to the times in 
which they were described. The picture present- 
ed of the heavens was thus, for the first time, clear* 
ed of every thing hypothetical. 

The same astronomer was perhaps the first person 
who conceived thatthere must be always a law capable 
of being expressed by arithmetic or geometry, which 
connects such phenomena as have a physical de- 
pendence on one another. His conviction of this 
truth, and the delight which he appears to have ex- 
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p^enced in the contemplation of such laws, led 
him to seeky with great eagerness^ for the relation 
between the periodicial times of the planets, and 
their distances from the sun. He seems, indeed, 
to have looked towards this object with such eat- 
nestness, that, while it was not attained, he regard- 
ed all his other discoveries as incomplete. He at 
last found, infinitely to his satisfaction, that in any 
two planets, the squares of the times of the revolu* 
tion are as the cubes of their mean distances from 
the sun. This beautiful and simple law had a va- 
lue beyond what Kepler could possibly conceive ; 
yet a sort of scientific instinct instructed him in its 
great importance. He has marked the year and 
the day when it became known to him ; it was on 
the 8th of May I6I8 ; and perhaps philosophers 
will agree that there are few days in the scientific 
history of the world which deserve so well to be re- 
membered. 

These great discoveries, however, were not much 
attended to by the astronomers of that period, or by 
those who immediately followed. They were but 
little considered by Gassendi, — ^they were under- 
valued by Riccioli,*^and were never mentioned by 
Descartes. It was an honour reserved for Newton 
to estimate them at their true value. 

Indeed, the discoveries of Kepler were at first so 
far firom being duly appreciated, that they were ojj- 
jeeted to, not for being falsci but for offering to as- 
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troAomers, in the oakuladoa of tlie place ef a pknet 
m its orbit, a problem too difficult to be resolved by 
elementary geometry. To cut the area of a semi- 
ellipsis in a given ratio by a line drawn through the 
focus, is the geometrical problem into which he 
showed that the above inquiry ultimately resolved* 
Afl if he had been answerable for the proceedings 
of nature, the difficulty of this question was coa- 
sidered as an aigument against his theory, and he 
himself seems somewhat to have felt it as an objec- 
tion, e§pecially when he found that the best solu- 
tion he could obtain was no more than an approxi- 
mation* With all his power of invention, Kepler 
was a mathemaitician inferior to many of that pe- 
riod ; and though he displayed great abflity in the 
management of this difficult investigation, his solu- 
tion fell very far short of the simplicity which it 
was afterwards found capable of attaining. 

In addition to all this, he rendered another very 
important service to the science of astronomy and 
to the system of Copernicus. Copernicus, it haa 
been already mentioned, had supposed that a force 
was necessary to enable the earth to preserve tho 
paralleiism^ of its axra during its revotutios rouad 
the sun. He imagined, therefore, that a third mo- 
tion belonged to the earth, and that, besides turn- 
ing on its axis and revolving round the sun, it had 
another movement by which its axis was preserved 
always equally inclined to the ediptic. Kepler 
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was the first to observe that this third motion was 
quite superfluous, and that the parallelism of the 
earth's axis, in order to be preserved, required no- 
thing but the absence of all force, as it necessarily 
proceeded from the inertia of matter, and its ten- 
dency to persevere in a state of uniform motion. 
Kepler had a clear idea of the inertia of body ; he 
was the first who employed the term ; and, con- 
sidering all motion as naturally rectilineal, he con- 
cluded that when a body moves in a curve, it is 
drawn or fotced out of the straight line by the ae^ 
tion of some cause, not residing in itself. Thus he 
prepared the way for physical astronomy, and in 
Uiese ideas he was earlier than Descartes. 

The discoveries of Kepler were secrets extorted 
from nature by the most profound and laborious 
research. The astronomical discoveries of Galileo, 
more brilliant and imposing, were made at a far 
less expence of intellectual labour. By this it ia 
not meant to say that Galileo did not possess, and 
did not exert intellectual powers of the very hi^* 
est order, but it was less in his astronomical dis- 
coveries that he had occasion to exert them, than 
in those which concerned the theory of motion. 
Thie telescc^ turned to the heavens for the first 
time, in the hands of a man far inferior to the Ita« 
lian philosc^er, must have unf<dded a series of 
wonders to astonish and delight the world. 

It was in the year 1609 that the news of a dis- 
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covery, made in Holland, reached Galileo, vi^. 
that two glasses had been so combined, as greatly 
to magnify the objects seen through them. M<pre 
was not told, and more was not necessary to awak«> 
en a mind abundantly alive to all that interested 
the progress either of science or of art. Galileo 
applied himself to try various combinations of lens« 
es, and he quickly fell on one which made objects 
appear greater than when seen by the naked eye, 
in the proportion of three to one. He soon im- 
proved on this constniction, and found one which 
magnified thirty-two times, nearly as much as the 
kind of telescope he used is capable of. That te- 
lescope was formed of two lenses ; the lens next 
the object convex, the other concave ; the objects 
were presented upright, and magnified in their li- 
neal dimensions in the proportion just assigned. 

Having tried the effect of this combination on 
terrestrial objects, he next directed it to the moon. 
What the telescope discovers on the ever*varying 
face of that luminary, is now well-known, and 
needs not to be described; but the sensations 
which the view must have communicated to the 
philosopher who first beheld it, may be conceived 
more easily than expressed. To the immediate im- 
pression which they made upon the sense, to the 
wonder they excited in all who saw them, was ad- 
ded the proof, which, on reflection, they afforded, 
of the close resemblance between the earth and the 
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celestial bodies, whose divine nature had been so 
long and so erroneously contrasted with the pon- 
derous and opaque substance of our globe. The 
earth and the planets were now proved to be bodies 
of the same kind, and views were entertained of 
the universe, more suitable to the simplicity and 
the magnificence of nature. 

When the same philosopher directed his tele- 
scope to the fixed stars, if he was disappointed at 
finding their magnitudes not increased, he was as- 
tonished and delighted to find them multiplied in 
so great a degree, and such numbers brought into 
view, which were invisible to the naked eye. In 
Jupiter he perceived a large disk, approaching in 
size to the moon. Near it, as he saw it for the 
first time, were three luminous points ranged in 
a straight line, two of them on one side of the pla^ 
net, and one on the other. This occasioned no 
surprise, for they might be small stars not visible 
to the naked eye, such as he had already discovered 
in great numbers. By observing them, however, 
night after night, he found these small stars to be 
four in number, and to be moons or satellites, ac- 
companying Jupiter, and revolving round him,, as 
the moon revolves round the earth. 

The eclipses of these satellites, their conjunc- 
tions with the planet, their disappearance behind 
his £sk, their periodical revolutions, and the very 
problem of distinguishing them from one another. 
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offered^ to an astronomer* a series of new and inte- 
resting observations. 

In Saturn he saw one large disk, with two smalls 
er ones very near it, and diametrically opposite, and 
always seen in the same plaees ; but more powerful 
telescopes were required before these appearances 
could be interpreted. 

The homed figure of Venus, and the gibbosity 
of Mars, added to the evidence of the Copemican 
system, and verified the conjectures of its author, * 
who had ventured to say, that, if the sense of sight 
were sufficiently powerful, we should see Mercury 
and Venus exhibiting phases similar to those of the 
moon. 

The spots of the sun derived an interest fnm 
their contrast with the luminous disk over which 
they seemed to pass. They were found to have 
such regular periods of return, as could be derived 
only from the motion of the disk itself; and thus 
the sun's revolution on his axis, and the time of 
that revolution, were clearly ascertained. 

This succession of noble discoveries, the most 
q^lendid, probably, which it ever fell to the lot of 
one individual to make, in a better i^e would have 
entitled its author to the admiration and gratitude 
of the whole scientific world, but was now viewed 
from several quarters with suspicion and jealousy. 
The ability and success with which Galileo had la- 
boured to overturn die doctrines of Aristotle and 
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the flclioolineii» as well as to establish the motion of 
the earth, and the immobility of the sun, had ex- 
cited many enemies* There are always great num- 
bers who,. from habit, indolence, or fear, are the 
determined supporters of what is established, whe^ 
ther in practice or in opinion. To these the con- 
stitution of the universities of Europe, so entirely 
subjected' to the church, had added a numerous 
and learned phalanx, interested to preserve the old 
systems, and to resist all innovations which could 
endanger their authority or their repose. The 
church it$elf was roused to action, by reflecting 
that it had staked the infallibility of its judgments 
on the truth of the very opinions which were now 
in danger of being overthrown. Thus was form* 
ed a vast combination of men, not very scrupulous 
about the means which they used to annoy their ad- 
versaries ; the power was entirely in their hands, 
and there Was nothing but truth and reason to be 
opposed to it. 

The system of Copernicus, however, while it re^ 
mained obscure, and known only to astronomers, 
created no alarm in the church. It had even been 
ushered into the world at the solicitation of a car- 
dinal, and under the patronage of the Pope ; but 
when it became more popular, when the ability and 
acuteness of Galileo were enlisted on its side, the 
consequen(ies became alarming ; and it was deter- 
mined to silence by force an adversary who could 
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not b^ put down by argument* His dialogues coQr 
tained a full exposition of the evidence of the 
earth's motion^ aiid set forth the errors of the old, 
iu well as thQ discoveries of the new philosophy* 
with great force of reasoningy and with the charms 
of the most lively eloquence* They are written, 
indeed, with such singular felicity, that one reads 
them at the present day, when the truths containr 
ed in them are known and admitted, with all the 
delight of novelty, and feels one's self carried back 
to the period when the telescope was ^rst directed 
to the heavens, and when the earth's motion, with 
all its train of consequences, was proved for the 
0r^ time. Tlie author of such a work CQuld not be 
forgiven* Galileo, accordingly, was twice brought 
before the Inquisition. The first time a council of 
seven cardinals pronounced a sentence which, for 
the sake of those disposed to believe that power 
can subdue truth, ought never to be forgotten; 
'* That to maintain the sun to be impioveable, and 
without local motion, in the centre of the world, is 
an absurd proposition, false in philosophy, heretical 
in religion, aud contrary to the testimony of Scrip* 
ture. That it is equally absurd and false in philo- . 
sophy to assert that the earth is not immoveable in 
the centre of the world, find, considered theologi- 
cally, equally erroneous and heretical." 

These seven theologians might think^hemselyes 
officially entitled to decide on what was heretical or 
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orthodox in faith, but that they should determine 
what was true or false in philosophy, was an in- 
solent invasion of a territory into which they had 
no right to enter, and is a proof how ready men are 
to suppose themselves wise, merely because they 
happen to be powerful. At this time a promise 
was extorted from Galileo, that he would not teach 
the doctrine of the earth'p motion, either by speak- 
ing or by writing. To this promise he did not 
conform^ His third dialogue, published, though 
not till long afterwards, contained such a full dis- 
play .of the beauty and simplicity of the new sya- 
tepi, apd such an exposure of the inconsistencies of 
Ptolemy and Tycho, as completed the triumph of 
Copernicus. 

In the year l66S, Gralileo, now seventy years 
old, being broMght before the Inquisition, was forc- 
ed solemnly to disayow his belief in the earth's mo- 
tion ; and condemned to perpetual imprisonment, 
though the sentence was aftenvards mitigated, and 
he was allowed to return to Florence. * The Court 
of Rome was very careful to publish this second re- 
cantation all over Europe, thinking, no doubt, that 
— ^ — — —  J 1 

* He was thrown into prison preyioualj to his trial, and 
attempts were inade to render him obnoxious to the people. 
From the text of a priest who preached against him^ we may 
judge of the wit and the sense with which this persecution 
was conducted. Viri GtUUtti quid slaiis in calnm fHspiden" 
tes? 
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it was admiiiisteriiig a complete antidote to the be- 
lief of the Copernican system. The sentence, in- 
deed, appears to have pressed very heavily on Gali- 
leo's mind, and he never afterwards either talked or 
wrote on the subject of astronomy. Such was the 
triumph of his enemies, on whom ample vengeance 
would have long ago been executed, if the indigna- 
tion and contempt of posterity could reach the 
mansions of the dead. 

Conduct like this, in men professing to be the 
ministers of religion and the guardians of truth, can 
give rise to none but the most painful reflections. 
That an aged philosopher should be forced, laying 
his hand on the sacred Scriptures, to disavow o[»- 
nions which he could not cease to hold without 
oemng to think, was as much a profanation of re- 
ligion, as a violation of truth and justice. Was it 
the act of hypocrites, who considered religion as a 
state engine, or of bigots, long trained in the art of 
believing without evidence, or even in opposition 
to it ? These questions it were unnecessary to re- 
solve ; but one conclusion cannot be denied, that 
the indiwpeet defenders of religion have often prov* 
ed its^^rst enemies. 

At length, however, by the improvements, the 
discoveries, and the reasonings, first of Kepler, and 
then of Galileo, the evidence of the Copernican 
system was fully developed, and nothing was want- 
ing to its complete establishment, but time suffi- 

12 
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oiMt to allov iqniioti ta erane gradually rairndt 
tmd to gIVe men an opportunity ef studying the 
acgomenta plaeed before them. Of the adheventa 
of the old syatem, arany had been too long habi* 
tuated to it to ehuage their views; ))Ut as they djs* 
appealed fram the aeeae, they were replaoed by 
young astroiiomerBy not under the influenee of the 
sane pngudioes, and eager to follow doetrines v^iioh 
seemed to ofl^ so many new sidbgeots of investigi- 
tien. In the next generation the systems of Pto* 
lemy and Tycho had Qp followem. 

It was not astronomy alrae whieh was benefited 
by this revelutien» and the discussioQS to whieh it 
had given rise. A new light, as already remarkedt 
was thrown on th9 physieal world, and the curtain 
was drawn aside which had so long concealed the 
great ^periment, by whii^ nature herself ma- 
njftsls, at every instant, the inertia of body, a|id 
the eompositipn (^ fevees. To reconcile the real 
motion of the earth wit)i its abearance of rest, and 
with oar feeling of its immobility, required such an 
aianiination of the nature of motion, as discovered^ 
if not its essence, at le^st its most gen^nl and fiin^ 
damental properties. The w)iole science of rational 
mechanics (Mrofited, theiefiwe, essentially by the dis* 
ooveiy of the earth's motion. 

A great barrier to philosophic improvement had 
arisen from the separation so early made, and so 
strenuously supported in the ancient systems, be- 

VOL. II. N 
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tween terrestrial and celestial substances, and be- 
tween the laws whicli regulate motion on tbe earth, 
and in the heavens. This barrier was now entire- 
ly remored ^ the earth was elevated to the rank of 
a planet ; the planets were reduced to the condi- 
tion c^ earths, and by this mutnal approach, the 
same rules of interpretation became applicable to 
the phenomena of both. , Principles derived from 
experiments on the earth, became guides for the 
analysis of the heavens, and men were now in a si^ 
tuation to undertake investigatk>ns, which the most 
hardy adventurer in science could not before have 
dared to imagine. Philosophers had ascended to 
the knowledge of the affinities which parvade all 
nature, and which mark so strongly both the wis-** 
dom and unity of its author. 

The light thus struck out darted its rays into 
regions the most remote from physical inquiry. 
When men saw opinions entirely di^roved, which 
were sanctioned by all antiquity, and by the autho- 
rity of the greatest names, they began to have dif- 
ferent notions of the rules of evidence, of the prin« 
ciples of philosophic inquiry, and of the nature of 
the mind itself. It appeared that science was des- 
tined to be continually progressive ; provided it was 
taken for an inviolable maxim, that all opinion 
must be ultimately amenable to experience and ob- 
servation. 

It was no slight addition to all these advantages. 
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that, in consequence of the discussions from which 
Gab'leo had unhappily heen so great a suJBPerer, the 
line was at length definitely drawn which was to 
separate the provinces of faith and philosophy from 
one another. It became a principle, recognised on 
all hands, that revelation, not being intended to in« 
form men of those things which the unassisted 
powers of their own understanding would in time 
be able to discover, had, in speaking of such mat- 
ters, employed the language and adopted the opi- 
nions of the times } and thus the magic circle by 
which the priest had endeavoured to circumscribe 
the inquiries of the philosopher entirely disappear- 
ed. The reformation in religion which was taking 
place about the same time, and giving such energy 
to the human mind, contributed to render this 
emancipation more complete, and to reduce the 
exorbitant pretensions of the Romish church. The 
prohibition against believing in the true system of 
the world either ceased altogether, or was reduced 
to an empty form, by which the affectation of in- 
fallibility still preserves the memory of its errors. * 

* The learned fiitfaers who have, vith so much ability, 
commented on the Prindpia of Newton^ have prefixed to the 
third book this remarkable declaration i-^" Newtonus in hoc 
tertio libro telluris motse hypothesin assumit. Auctoris pro* 
positiones aliter explicari, non poterant nisi e^dam fact4 hy- 
pothesi. Hinc alienam coacti smnus gerere personam. Ce- 
terum laiis a summis Pontifidbus contra teUurU motum Decre^ 
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4. Descartes, Hutoens, kc. 

Descaites flourished sbout this periocif and has 
the merit of bang the first who undertook to give 
an exphumtion of the celestial motums» or who 
formed the great and philosophic cono^tion of re*> 
ducing all the phenomena of the universe to the 
same law. The time was now amved when, from 
the acknowledged assimilation of the planets to the 
earth* this might be undertaken with some reason* 
able prospect of success. No such attempt had 
hitherto been made» unless the crystalline spheres 
or homocentric orbs of the ancients are to be con* 
sidered in that light. The conjectures of Kepler 
about a kind of animation^ and of organic struc* 
ture, which pervaded the planetary regions, werp 
too vague and indefinite, and too little analogous 
to any thing known on the earth, to be entitled to 
the name of a theory. To Descartes, therefor^ 
belongs the honour of being the first who ventured 
on the solution of the most arduous problem which 
the material world offers to the consideration of 
philosophy. JFor this solution he sought no other 
data than matter and motion, and with them alone 

iu tuM obsequi prqfiiemur'* There is an archness in the last 
sentence^ diat looks as if the authors wanted to convey 
meanings that would differ according to the orthodoxy of the 
readers. 
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pmpowd to explain (2ie strttctiiie and constitatioii 
of the iinivene. The matter which he required^ 
too, waa c£ the atmpleat idiid, posaessiiig no pro- 
perties but eittensioiiy impenetrabiUtj, and inertia. 
It was matter in the abstracti without any of its 
peculiar or distinguishing characters. To exphnn 
these characters^ was indeed a part of tifie task 
which he proposed to himself^ and diusi by the 
afanpfidty of his assumptionsi he added infinitely 
to the di£ScuIty of the problem which he under* 
took to resolve* 

The matter thus constituted wim sussed to S3l 
all ^lace, and its parts, both gpeat and snalli to be 
endued with motion in an infinite variety of direc* 
ti0ii8« From the combination oi these, the rectilU 
neal motion of the parts become impossible ; die 
atoms or particles of matter were continually divert* 
ed from the lines in which they had begun to 
move; so that circular motion astd <;entriftigal 
force originated from their action on one another. 
Thus matter came to be farmed into a multitude 
Of vortices, difibring in extent, in velority, and in 
density } the more subtile parts oonsdtuting the 
real vortex, in which the densar bodies float, and 
by which they are pressed, though not equally, oti 
dl AAes. 

Tlius thie utiiverse consists ai a multitude of 
vortices, whtdi limit and circumscribe one another. 
The eardi and the planets are bodies carried round 
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in the great vortex of the solar system ; and by 
the pressure of the subtile matter, which chnculates 
with great n^idity, and great centrifugal force, the 
denser bodies, which have less rapidity, and less 
centrifugal force, are forced down toward the sun, 
the centre of the vortex. In like manner, each 
planet is itself the centre of a smaller vortex, by 
the subtile matter of which the phenomena of gra- 
vity are produced, just as with us at the surfiice 
of the earth. 

The gradation of smaller vortices may be con« 
tinned in the same manner, to explain the cohe- 
sion of the grosser bodies, and their other sensible 
qualities. But I forbear to enter into the detidl of 
a system, which is now entirely exploded, and so 
inconsistent with the views of nature which have 
become familiar to every one, that such details can 
hardly be listened to with patience. Indeed, the 
theory of vortices did not explain a single pheno- 
menon in a satisfactory manner, nor is there a 
truth of any kind which has been brought to light 
by means of it* None of the peculiar properties of 
the planetary orbits were taken into the account ; 
none of the laws of Kepler were considered $ nor 
was any explanation given of those laws, more than 
of any other that might be imagined. The philo- 
sophy of Descartes could explain all things equally 
well, and might have been accommodated to the 
systems of Ptolemy or Tycho, just as well as to 
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that of G>peniica8. It forms, therefore, no link 
in the chain of physical discovery ; it served the 
cause of truth only by exploding errors more per- 
nicious than its own ; by exhausting a source of 
deception, which might have misled other adven- 
turers in science, and by leaving a strSdng proof 
how little advancement can be made in philosophy, 
by pursuing any path but that of experim^tt and 
induction. Descartes was, nevertheless, a man of 
great genius, a deep thinker, of enlarged views^ 
and entirely superior to prejudice. Yet, in as fiu* as 
the explanation of astronomical phenomena is con* 
cemed, (and it was his main object,) he did good 
only by showing in what quarter the attempt could 
not be made with success ; he was the forlorn hope 
of the new philosophy, and must be sacrificed for 
the benefit of those who were to follow. 

Gassendi, the contemporary and countryman of 
Descartes, . possessed great learning, with a very 
clear and sound understanding. He was a good 
observer, and an enlightened advocate of the 
Copemican system. He explained, in a very satis^ 
factory manner, the connection between the laws of 
motion and the motion of the earth, and made &i* 
periments to show, that a body carried al<mg by 
anotlier acquires a moticm which remains aftei' i^ 
has ceased to be so carried. Gassendi first ob^erv** 
ed the transit of a planet over the disk of the sun^ 
-«-that of Mercury, in 1631. Kepler had predict* 
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ed thk transit^ but did nbt live to enjoy a kiKcttHcIe 
which affi>rded so satisfilctDry a liranf of the truth 
of hi& syBteiB^ and of the aocutacy of his astronomi'- 
cal tables* 

The fint trtotit of Vcbus, which Was obserredi 
hq^ned a few yean kter, ia iQSl^^ when it wia 
seen in England by Horrext and his frind Crab- 
tiise» and by th^n only^ Horrox, who was a young 
Adan of great genius^ had himself calculated the 
tcaimty and foretold the time very aceuntely, 
though the astronomical tables of that day gave 
different results^ and those of Kepler^ in Which he 
tmifided dils mosti were^ in this instanoe) comider^ 
ably in error. Horrox has also the merit ef being 
amobg the first idiio rightly appreciated the disco- 
Tories of the wtronomer just taamed« He had de- 
voted much time to astronomical obaervatmn^ a»d^ 
though he died very young, he left behind him 
arane prepanttions for computing taUes of the moeb, 
on a prkiciple whidi was neW^ and which Newton 
himsdf thoij^ht worthy of being adopted in hit 
theory trf* the ineqwilities of that planet. 

Thd first complete system of wtronoray^ ill 
which the elliptic orbits were introduced^ ' was die 
Astnmomia PkUoimeu of Btallialdus, (Boailland^) 
publidied in 1645. They were introduced^ liow«- 
ever> with sudi hypothe<^ additions^ as show 
that the idea of a centre of uniform motion had 
not yet entirely disappeared. It is an idea, in- 
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«bed» whic^ £^vm ooAnderabk rtiief to the imagi* 
Mrtidni and it beaiiles leads to methods of oalcula* 
Mdre iimple than the true theoty, aad Biilljal*- 
may iiave flattered himself that tikej were 
soflSciehtly eoiaM. He oonceiTes the elliptid orfail 
as a seoticm of an oblique eone, the axis cxf which 
piMAes through thd auperior focus of the ellipse^ 
whfle the jdanet moftein its drcuafiprenoe in siieh 
a auitaadis that a ^no passing through it and 
throogh the axis^ shall be carried nnmd willi 4 
unffmn angular veioeityi It is phkl tituk the cone 
iiid its aacis are iner* fictions, arbitrarily aiwutaed# 
ikid not e^n possesamg theadnuttage of sinipiicifty% 
The author hinkself deports from this hypothesnk^ 
and calculates the places of a planet> on the sup 
position that it moves m the drcumjference c£ an 
epic3rcl^ and the ^cyole in (hie citt um far enc e of 
in eccentric ddftmnti both angidar aciotaons being 
uniform, that of the planet in the epicydie being 
retrbgradoi and doable the othfcr. The figiue 
dius desiSrfted may bd shoWn to be ati ellipsei but 
the litte drawn frOm the planet to the fteoa does 
Aol cut off areas proportional to the timeb 

An hypothesis adTanced by Wskd^ BisiM|p of 
Sslisbnryi utas simpbr and mori aicurate ihim that 
of the Erench attronokner. Aeoenttng to it» the 
line damn from a pkmet to the slqieriok* focns of 
its riiq»tic orbit, turns with awufbrm angular velo^ 
dty round that point In orbits nf small eooeittri«- 
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city, this is nearly true, and almost coincides in 
such cases with Kepler's principle of the uniform, 
description of areas. Dr Ward, however, did not 
consider the matter in that light ; he assumed his 
hypothesis as true, guided, it would seem, by no- 
thing but the opinion, that a centre of unifonn mo* 
tion must somewhere exist, and pleased with the 
simplicity thus introduced into astronomical calcu* 
lation. It is, indeed, remarkable, as Montucla has 
observed, how little the most enlightened astrono-* 
mers of that time seem to have studied or under- 
stood the laws discovered by Kepler. Riccioli, of 
whom we are just about to speak, enumerates all 
the suppositions that had been laid down concern- 
ing the velocities of the planets, but makes no 
mention of their describing equal areas in equal 
times round the sun. Even Cassini, great as he 
was in astronomy, cannot be entirely exempted 
from this censure. 

Riccbli, a good observer, and a learned and di* 
ligent compiler, has collected all that was known in 
astronomy about the middle of the seventeenth 
century, in a voluminous work, the New Almagest. 
Without much originality, he was a very useful 
author, having had, as the historian of astnmomy 
remarks, the courage and the industry to read, to 
know, and to abridge every thing. He w|iS| ne« 
vertheless, an enemy to the Copemican system, 
and has the discredit of having measured the evi* 
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dence for and against that system, not by the 
Weight, but by the number of the argmnents. 
The pains which he took to prop the falling edifice 
of deferents and epicycles, added to his misappre- 
hending and depreciating the diikroveries of Kepler, 
subject him to the reproach of having neither the 
genius to discover truth, nor the good sense to dis- 
tinguish it when discovered. He was, however, a 
priest and a Jesuit ; he had seen the fate of Galileo ; 
and his errors may have arisen from want of cotir- 
age^ more than from want of discernment. 

Of the phenomena which the telescope in the 
hands of Galileo had made known, the most para- 
doxical were those exhibited by Saturn ; sometimes 
attended by two globes, one on each side, without 
any relative motion, but which would, at stated 
times, disappear for a while, and leave the planet 
single, like the other heavenly bodies. Nearly 
forty years had elapsed, without any farther insight 
into these mysterious appearances, when Huygens 
b^an to examine the heavens with telescopes of 
his own construction, better and more powerful 
than any which had yet been employed. The two 
globes that had appeared insulated, were now seen 
connected by a circular and luminous belt, going 
quite round the planet. At last, it was found that 
all these appearances resulted from a broad ring 
surrounding Saturn, and seen obliqudy from the 
earth. The gradual manner in which this truth 
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unfoMed itself is ^ry interesting, and has been 
given with the detail that it deseneft bj Huygens^ 
in his Sysiema Salumifmm. 

The attention whidi Huygens faMl paid to tha 
ring of Satunii led him to the disootely of a iateU 
lite of the same ;danet. His telescopes were not 
powerful enough to discover more of them than one) 
he believed, indeed, that there were no more^ and 
that the number of the planeti now discovered was 
complete. The reasoning hj which he convinced 
himself, is a proof how slowly men are cured of their 
prqudices, even with the best talents and the best 
information. The phtnets, primary and secondary, 
thtt$ made up twelve, the double of six, the first of 
the perfect numbers. In IG7I, however, Cassini 
discovered another satellite, and afterwards three 
more, making five in aU, which the more perfect 
telescopes of Dr Hersdiell have lately alimented 
to seven. 

To the genius of Huygens astronomy is indebted 
for an addition to its apptfatus, hardly less essentia 
al than the quadrant and the telescope^ An accu- 
rate measure of time is of use even in the ordinary 
business ol life, but to the astronomer is infinibrij 
valuable. The dates of Iris observations, and an 
accurate estimate of the time elapsed between them, 
is necessary, in order to make them lead to any 
useful consequences. Besides tUs, the only way 
of measuring with accuracy thorn arches in the 
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heavena, wUch extend from east to west, or whidi 
a» paraHel to the equator^ depends on the earth's 
rotation, because such an arch bean the same pro«- 
portion to the entire oircumferenoe of a circle^ that 
the time of its passage under the meridian bears to 
an entire day. The reckoning of time thus fur* 
nishes the best measure of po«ition» as detennined 
by arches parallel to the equator, whether on the 
earth or in the heavens. 

Though the pendulum affi>rded a measure of 
tune, in itself of the greatest exactness, the means 
of continuing its motion, without disturbing the 
time of its Tibrations, was yet required to be found* 
and this, by means of the dock, Huygens contrive 
ed most ingeniously to effect. Each vibration of 
the pendulum, by means of an arm at right angles 
to it, allows the tooth of a wheel to escape, the 
wheel being put in motiim by a weight The 
wheel is so contrived, that the force with which it 
acts is just sufficient to restore to the pendulum 
the motion which it had lost by the resistance of 
the air, and the friction at the centre of motion* 
Thus the motion of the clock is continued without 
any diminution of its uniformity, for any length of 
time* 

The telescope had not yet served astronomy in 
all the capacities in which it could be useful. 
Huygens, of whose inventive genius the history of 
science has so much to record, applied it to the 
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measurement of small angles, formii^ it into the 
instrument which has since been called a microme- 
ter. By introducing into the focus of the tele- 
scope a round aperture of a given siae, he contrived 
to measure the angle which that aperture subtend- 
ed to the eye, by observing the time that a star 
placed near the equator required to traverse it. 
When the angle subtoided by any cHhet object in 
the telescope was to be measured, he introduced 
into the focus a thin piece of metal, just sufficient 
to cover the object in the focus. The proportion 
of the breadth of this plate, to the diameter of the 
aperture formerly measured, gave the angle sub- 
tended by the image in the focus of the telescope. 
This contrivance is described in the Systema Satur^ 
ninumj at the end. 

The telescope has farther contributed materially 
to the accuracy of astronomical observation, by its 
application to instruments used for measuring, not 
merely small angles, but angles of any magnitude 
whatever. The telescope here comes in place of 
the plain sights with which the index or allidad of 
an instrument used to be directed to an object, and 
this substitution has been accompanied with two 
advantages. The disk of a star is never so well de* 
fined to the naked eye as it is in the telescope. 
Besides, in using plain sights, the eye adapts itself 
to the farther off of the two, in order that its aper« 
ture may be distinctly seen. Whenever this ad- 
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ju8tment is made, the object seen through the aper- 
ture necessarily appears indistinct to the eye, which 
is then adapted to a near object. This circumstance 
produceis an uncertainty in all such observations, 
which, by the use of the telescope, is entirely re- 
moved. 

. But the greatest advantage arises from the mag** 
nifying power of the telescope, from which it foU 
lows, that what is a mere point to the naked eye, 
is an extended line which can be divided into a 
great number of parts when seen through the for- 
mer. The best eye, when not aided by glasses, is 
not able to perceive an object which subtends an 
angle less than half a minute, or thirty seconds. 
When the index of a quadrant, therefore, is direct- 
ed by the naked eye to any point in the heavens, 
we cannot be sure that it is nearer than half a 
minute on either side of that point. But when 
we direct the axis of a telescope, which magnifies 
thirty times, to the same object, we are sure that 
it is within the thirtieth part of half a minute, that 
is, within one second of the point aimed at. Thus 
the accuracy cceteris paribus is proportional to the 
magnifying power. 

The application of the telescope, however, to 
astronomical instruments, was not introduced with- 
out opposition. Hevelius of Dantzic, the great- 
est observer who had been since Tycho Brah^, 
who had furnished his observatory with the best 
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and lai^geit inatrumentSy and who was faauliar with 
the use of the telesoc^, atremioudy maintained 
the superiority of the plain sights* His prino^pal 
argument was founded on this,-**-thaty in plaiii 
sights, the line of oollimation is determined in ita 
position by two fixed points at a conridonUe dia« 
tanee from one anotheri via. the oentres of the two 
apertures of the sights, so that it remaiiis invpri* 
aUe with respect to the index. 

In the case of the telescope there was one fixed 
pointy the intersection of the wires in the fecus of 
the eye-glass; but Heydius did not thmk that 
the other point, viz. the optical centre of the ob^ 
ject^Iass, wag equally well d^ned. This doubt, 
however, might have been removed by a direct ap- 
peal to experiment, or to angles actually measured 
on the ground, first by aa inrtrument, and then 
by trigonometricul operations. From thence it 
would soon have been discovered, that the centre 
of a lens is in fact a point defined more accurate^ 
ly than can be done by any mechanical construc- 
tion. 

This method of deciding the question |nis not 
resorted to. Hevelius and Hooke lu|d a very se» 
nous controversy concerning it, m which the ad- 
vintage remained with the latter. It sbcwld have 
been observed that the French astronomer, Picard, 
was the first who employed instruments furnished 
with telescopic sights, dbout the year l66tf. It 

8 
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appears, however, that Gascoigne, an English geu- 
tleman who fell at the battle of Marston-moor in 
1644, had anticipated the French astronomer in 
this invention, but that it had remained entirely 
unknown. He had also .anticipated the invention 
of the micrometer. The vast additional accuracy 
thus given to instruments formed a new era in the 
history of astronomical observations. 

Though Galileo had discovered the satellites of 
Jupiter, their times of revolution, and even some of 
their inequalities, it yet remained to define their 
motions with precision, and to construct tables for 
calculating their places. This task ?raui performed 
by the elder Cassini, who was invited from Italy, 
his native 'country, by Louis the Fourteenth, and 
settled in France in 1669* His tables of the sa- 
tellites had been published at Bologna three years 
bef(H^, and he continued to improve them, by a se- 
ries of observations made in the observatory at Paris, 
with great diligence and accuracy. 

The theory of the motions of these small bodies 
is a research of great difficulty, and had been at- 
tempted by many astronomers before Cassini, with 
very little success. The planes of the orbits, their 
inclinations to the orbit of Jupiter, and the lines in 
which they intersected that orbit, were all to be de- 
termined, as well as the times of revolution, and 
the distances of each from its primary. Add to 
this, that it is only in a few points of their orbits 

VOL. n. 
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that they can be observed with advantage. T%e 
beat are at the timea of immersion into the shadow 
of Jupiter, and emersion from it. The same ex- 
oellent astronomer discovered four satellites of Sa^ 
turn, in addition to that already observed by Huy- 
gens. He also discovered the rotation of Jupiter 
and of Mars upon their axes. 

The constant attention beftowed on the eclipses 
of the satellites of Jupiter, made an inequality be 
remarked in the periods of their return, which 
seemed to depend on the position of the earth reli^ 
lively to Jupiter and the sun, and not, as the ine- 
qualities of that sort might have been expected to 
do, <m the place of Jupiter in his oibit. From the 
opposition of Jupiter to the 8ttn» till the conjunc-^ 
tion, it was found, that the observed emersion of 
the satellites from the shadow fell mone and more 
behind the computed ; tlie diftrenees amounting 
Mar the conjunction to about fourteen minutes. 
When, after the conjunction, the immersions were 
observed, an accelemtion was remarked just equal to 
the former retardation, so thai, at the opposition, 
the edipse happened fouiteen minutes sooner than 
by the calculation. 

The first person who offered an explanation of 
these facts was Olaus Roemer, a Danish astronomer. 
He observed that die increase oi the retardation 
corresponded nearly to the increase of the earth's 
distance from Jupiter, and conversely, the acceleni* 
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tkm to the dimmutioa of that distance. Hence it 
occurred to him, that it was to the time which light 
requires to trayerse those distances that the whole 
series of phenomena was to be ascribed. This ex- 
planation was so simple and satisfactory, that it was 
readily received. 

Though Roemer was the first who compiumcated 
this eKplanation to the world, yet it seems certain 
that it had before occurred to Cassini, and that he 
wsi ^vented from making it known by a consi*- 
deration which does him great honour. The ex- 
planation which the motion of light afforded, seem- 
ed not' to be consistent with two circumstances in- 
volved in the i^enomenon* If such was the cause 
of the alternate acceleration and retardation above 
described* why was it observed only in the eclipses 
pf the first satellite, and not in those of the other 
Aree ? This difficulty appeared so great to Cassini, 
that he suppressed the explanation which he would 
otherwise have given. 

The other difficulty occurred to Maraldi. lilliy 
did not an equation or allowance of the same kind 
arise from the position of Ju^ter, with respect to 
his aphelioDy for, all other things being the same, 
his distance from the earth must be greater, as he 
was nearer to that point of his orbit ? Both these 
difficulties have since been completely removed. If 
the afimsaid inequality was not for some time ob- 
served in any satellite but the first, it was only be- 
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cause the motions of the first are the most regular, 
and were the soonest understood, but it now ap- 
pears that the same equation belongs to all the sa- 
tellites. The solution of Maraldi's difficulty is si- 
milar i for the quantity of what is called the equa- 
tion of the light, is now known to be affected by 
Jupiter's place in his orbit. 

Thus, every thing conspires to prove the reality 
of the motion of light, so singular on account of 
the immensity of the velocity, and the smallness of 
the bodies to which it is communicated. 



5. Establishment of Academies, &c. 

About the middle of the seventeenth century 
were formed those associations of scientific men, 
which, under the appellation of Academies or Phi- 
losophical Societies, have contributed so much to 
the advancement of knowledge in Europe. The 
Academia del Gmento of Florence, founded in 
1651, carried in its name the impression of the new 
philosophy. It was in the country of Galileo where 
the first institution for the prosecution of experi- 
mental knowledge might be expected to arise, and 
the monuments which it has left behind it will ever 
create regret for the shortness of its duration. 

England soon after showed the same example. 
It has been already remarked, that, during the 
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civil wars, a number of learned and scientific men 
sought, in the retirement of Oxford, an asylum 
from the troubles to which the country was then a 
prey. They had met as early as 1645 ; most of 
them were attached to the royal cause ; and after 
the restoration of Charles the Second, they were 
incorporated by a royal charter in 1662. 

The first idea of this institution seems to have 
been suggested by the writings of Bacon, who, in 
recommending the use of experiment, had severely 
censured the schools, colleges, and academies of bis 
own time, as adverse to the advancement of know- 
ledge J * and, in the Nova Atlantis^ had given a 

• « In xnoribus et inatitutis Bcholarum^ academianim, odU 
Icgiorum, et aimilium conventuum^ quae doctorum hominum 
sedibufl^ et eruditioniB culturae destinata sunt, omnia progre»- 
8ui scientianim adversa inveniuntur. Lectiones enim et ex- 
erdtia ita sunt disposita^ ut allud a conguetis hand facile cui- 
quam in mentem veniat cogitare, aut contemplari. Si vero 
unu8 aut alter fortasse judicii libertate uti sustinuerity is sibi 
soli banc operam imponere possit ; ab alionim autem consor- 
tio nihil capiet utilitatis. Sin et hoc toleraverit, tamen in 
capessenda fortuna industriam banc et magnanimitatem sibi 
non levi impedimento fore experietur. Studia enim bomi« 
num in ejusmodi locis, in quorundam auctorum scripta, ve< 
luti in carceresy condusa sunt ; a quibus si quis dissentiat, 
continuo ut homo turbidus et rerum novarum cnpidus coiTi« 
pitur. In artibus autem et scientiis tanquam in metailpfodinis 
omnia novis operibus et ulterioribus pragressibus circumstrepere 
debent:* — Nw. Org. Lib. i. Aph. 90. 

It would be gratifying to be able to observe, that the uni- 
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most interetting Aetch of the foim of a sodety^ di* 
rected to scientific improyement. In Germany^ 
the Academia Naturw Curiosarum dates its eom^ 
mencement from 1652^ and the historian of that 
institution ascribes the spirit which produced it to 
the writings of the philosopher just named. These 
examples, and a feeling that the union and co^>pe* 
ration of numbers was necessary to the progress of 
experimental philosophy, operated still more exten* 
sively. The Royal Academy of Sciences at Paris 
Was founded in 1666, in the reign of Louis the 
Fourteenth, and during the administration of Col* 
belt. The Institute of Bol(^a in Italy belongs 
neariy to the same period ) but dmost all the other 
philosophical associations, of which there are now 
so many, had their beginning in the eighteenth cen- 
tury. 
Frequent communication of ideas, and a regular 



▼ersities of Europe had contributed to the renovation of ad- 
enee* The fiict is otherwise ;— ^they were often the fastnewea 
from which prejudice and error were latest of bdng expelled. 
They joined in persecuting the runners of science. It haa 
been seen^ that the masters of the University of Paris were 
angry with Galileo for the experiments on the descent ofi)o- 
^es. Even the University of Oxford brought on itself the 
indelible disgrace of persecuting, in Friar Bacon, the first 
man who appears to have had a distinct view of the means 
by which the knowledge of the laws of nature must be ac- 
'i|iiired« 
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method of keeping up such communkatioDj are 
evidently essential to works in which great labonr 
and industry are to be employed, and to which 
much time must necessarily be devoted ; when the 
philosopher must not always sit quietly in his c»- 
binetp but must eumine nature with his own ejres^ 
and be present in th^ work-shop of the mechanic^ 
or the laboratory of the chemist. These operations 
are facilitated by the institutions now referred tQ» 
which, therefore, are of more importance to the 
physical sciences than to the other branches of 
knowledge. They who cultivate the former are 
also fewer in number, and being, of course, farther 
separated, are less apt to meet together in the 
common intercourse of the world. The historian, 
the critic, the poet^ finds everywhere men who can 
enter in some d^ree at least into his pursuits, who 
can appreciate his merit, and derive pleasure from 
his writings or his conversation. The mathemati- 
cian, the astronomer, the mechaniciw, sees few men 
who have much sympathy with his pursuits, or who 
do not look with indifference on the olgects which 
he pursues. The xvarldf to him, consists of a few 
individuals, by the censures or approbation of whoqi 
the puUic opinion must he finally determined; 
with them it is material thai; be should have more 
frequent intercourse than could be obtained by car 
sual rencounter ; and he feels that the society of 
men engaged in pursuits similar to his own, is a 
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necessary stimulus to his exertions. Add to this, 
that such societies become centres in which infor- 
mation concerning facts is collected from all quar- 
ters. For all these reasons, the greatest benefit 
has resulted from the scientific institutions which, 
since the middle of the seventeenth. century, have 
become so numerous in Europe. 

The Royal Society of London is an association 
of men, who, without salaries or appointment from 
Government, defray, by private contribution, the 
expence of their meetings, and of their publicationa. 
This last is another important service, which a so- 
ciety so constituted renders to science. 

The demand of the public for memoirs in ma^ 
thematics and natural philosophy, many of them 
perhaps profound and difficult, is not sufficiently 
great to defray the expence of publication, if they 
come forward separately and unconnected with one 
another. In a collective state they are much more 
likely to draw the attention of the public ; the 
form in which they appear is the most convenient 
both for the reader and the author ; and if, after 
all, the sale of the work is unequal to the expence, 
the deficiency is made up from the funds of the so- 
ciety. An institution of this kind, therefore, is a 
patriotic and disinterested association of the lov- 
ers of science, who engage not only to employ 
themselves in discovery, but, by private contri- 

1 
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butioD, to defray the ef pence of scientific publica- 
tions. 

The Academy of Sciences in Paris was not ex- 
actly an institution of the same kind. It consisted 
of three classes of members, one of which, the 
PenshnnaireSj twenty in number, had salaries paid 
by Government, and were bound in their turns to 
furnish the meetings with scientific memoirs, and 
each of them also, at the beginning of every year, 
was expected to give an account of the work in 
which he was to be employed. This institution 
has been of incredible advantage to science. To 
detach a number of ingenious men from every thing 
but scientific pursuits ; to deliver them alike from 
the embarrassments of poverty or the temptations 
of wealth ; to give them a place and station in so- 
ciety the most respectable and independent, is to 
remove every impediment, and to add every stimu- 
lus to exertion. To this institution, accordingly, 
operating upon a people of great genius, and inde- 
fatigable activity of mind, we are to ascribe that su- 
periority in the mathematical sciences, which, for 
the last seventy years, has been so conspicuous* 

The establishment of astronomical observatories, 
as national or royal works, is connected in Europe 
with the institution of scientific or philosophical so- 
cieties. The necessity of the former was, indeed, 
even more apparent than that of the latter. A 
science, which has the heavenly bodies for its ob- 
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jects, ought, as far as possible, to be exempted from 
the vicissitudes of the earth. As it gains strength 
but slowly, and requires ages to complete its disco- 
veries, the plan of observation must not be limited 
by the life of the individual who pursues it, but 
must be followed out in the same place, year after 
year, to an unlimited extent. A perception of this 
truth, however indistinct, seems, from the earliest 
times, to have suggested the utility of observatories, 
to those sovereigns who patronised astronomy, 
whether they looked to that science for real or 
imaginary instruction. The circle of Osymandias 
is the subject of one of the most ancient traditions 
in science, and has preserved the name of a prince 
which otherwise would have been entirely unknown. 
A building, dedicated to astronomy, made a con- 
spicuous part of the 'magnificent establishment of 
the school of Alexandria. During the middle ages, 
in the course of the migrations of science toward 
the east, sumptuous buildings, furnished with astro- 
nomical instruments, rose successively in the plains 
of Mesopotamia, and among the mountains of Tar- 
tary. An observatory in the gardens of the Caliph 
of Bagdat contained a quadrant of fifteen cubits * in 
radius, and a sextant of forty, t Instruments of a 
still larger size distinguished the observatory of Sa- 



• Twenty-two feet three inches, 
t Sixty feet five inches. 
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marcande, and the accounts would seem incredible, 
if the ruins of Benares did not, at this moment, at* 
test the reality of similar constructions* 

On the revival of letters in Europe, establish- 
ments of the same kind were the first decisive in- 
dications of a taste for science. We have seen the 
magnificent observatory on which Tycho expend- 
ed his private fortune, and employed the munifi- 
cence of his patron, become a sad memorial (after 
the signal services which it had rendered to astro- 
nomy) of the instability of whatever depends on 
individual greatness* The observatories at Paris 
and London were secured from a similar &te, by 
being made national establishments, where a sue* 
cession of astronomers were to devote themselves 
to the study of the heavens. The observatory at 
Paris was begun in I667, and that at Greenwich 
in 1675* In the first of these. La Hire and Cas- 
sini, in the second, Flamstead and Halley, ore a( 
the head of a series of successors, who have done 
honour to their respective nations. If there be in 
Britain any ^establishment, in the success and con*» 
duet of which the nation has reason to boast, it is 
that of the Royal Observatory, which, in spite of 
a climate which so continually tries the patience^ 
and so often disappoints the hopes of the astrono-- 
mer, has ftunished a greater number of observationa 
to be completely relied on, than all the rest of 
Europe put .together, and afforded the data for 
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those tables, in which the French mathematicians 
have expressed, with such accuracy, the past, the 
present, and the future condition of the heavens. 



6. Figure and Magnitude of the Eaeth. 

The pr(^ess made during the seventeenth cen- 
tury, in ascertaining the magnitude and figure of 
the earth, is particukrly connected with the esta- 
blishments which we have just been considering. 
Concerning the figure of the earth, no accurate in- 
formation was derived from antiquity, if we except 
that of the mathematical principle on which it was 
to be determined. The measurement of an arch of 
the meridian was attempted by Eratosthenes of 
Alexandria, in perfect conformity with that prin- 
ciple, but by means very inadequate to the import- 
ance and difficulty of the problem. By measuring 
the sun's distance from the zenith of Alexandria, 
on the solstitial day, and by knowing, as he thought 
he did, that, on the same day, the sun was exactly 
in the eenith of Syen^, he found the distance in 
the heavens between the parallels of those places to 
be 7^ 12', or a 50th part of the circumference of 
a great circle. Supposing, then, that Alexandria 
and Syen6 were in the san^e meridian, nothing 
more was required than to find the distance be- 
tween them, which, when multipliedJby 50, would 
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give the circumference of the globe. The manner 
in which this was attempted by Eratosthenes is 
quite characteristic of the infant state of the arts of 
experiment and observation. He took no trouble 
to ascertain whether Alexandria and Syene were 
due north and south of one another : the truth is, 
that the latter is considerably east of the former, so 
that, though their horizontal distance had been ac- 
curately known, a considerable reduction would 
have been necessary, on account of the distance of 
the one from the-meridian of the other. 1 1 does 
not appear, however, that Eratosthenes was at any 
more pains to ascertain the distance than the bear- 
ing of the two places. He assumed the former 
just as it was commonly .estimated ; and, indeed, it 
appears that the distance was not measured till long 
afterwards, when it was done by the command of 
Nero. 

It was in this way that the ancients made obser- 
vations and experiments ; the mathematical prin- 
ciples might be perfectly understood, but the me- 
thod of obtaining accurate data for the application 
of those principles was not a subject of attention. 
The pomer of resolving the problem was the main 
ofcjject ; and the actual solution was a matter of 
very inferior importance. The slowness with which 
the art of making accurate experiments and obser- 
vations has been matured, and the great distance 
it has kept behind theory, is a remarkable fact in 
the history of the physical sciences. It has been 
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remaxked, that mathanaticiaiiB had found out the 
area of the circle, and calcuhited its circumferance 
to more than a hundred places of decimals, befiiiB 
artists had divided an arch into minutes of a de» 
gree ; and that many excellent treatises had been 
written on the properties of curves, before a 
straight line had been drawn of any considerable 
length, or measured with any tolerable exactness, 
on the surface of the globe. * 

The next measurement on rec«Htl is that of the 
astronomers of Almamon, in the plains of Mesopo- 
tamia, and the manner of conducting the operation 
appears to have been fiir more accurate than that of 
the Greek philosophers ; but, from a want of know.* 
ledge of the measures employed, it has conveyed no 
infimnation to posterity. 

The first arch of the meridian measured in mo# 
dem times with an accuracy any way corresponding 
to the difficulty of the problem, was by Snellius, a 
Dutch mathematician, who has given an account of 
it in a volume which he calls Eratosthenes Batavus^ 
pidblished in 1617* The arch was between Beigen^ 
op-zoom and Alkmaar ; its amplitude was V IV 
SO'\ and the distance was determined by a series of 
triangles, depending on a base line carefiilly mea- 
sured. The length of the d^ree that resulted was 
55,02 L toises, which, as vras afterwards found, is 
eensiderafely too small. Certain errors were dis- 

• Edinbui^h Review^ Vol. V. p. 391- 
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covered, and when they were corrected, the d^ee 
came out 57^033 toises, which is not far from the 
truth. The corrections were made hy Snellius him* 
ael^ who measured his base over again, and also the 
angles of the triangles. He died, however, before 
he could puUish the result. Muschenbroek, who 
calculated the whole anew from his papers, came to 
the conclusion just mentioned, which, of course, was 
not known till long after the time when the mea^ 
sure was executed. No advantage, accordingly, was 
derived to the world from this measurement till its 
value was lost in that of other measurements still 
more accurately conducted. 

A computation which, for the time, deserves con- 
ttderaUe praise, is that of Norwood, in 1635, who 
measured the distance between LoQdoft-and York, 
taking the bearings as he proceeded along the road, 
and reducing all to the direction of the meridian, 
and to the horizontal ^ade. The difference of hu 
titude he found, by observation of the solstices, to 
be i"^ 28', and from that and his measured distance, 
he oonduded the d^ree to be 967,176 feet Eng- 
lish, or 57j800 toises. This has been found to be 
a near approximation i yet his method was not ca* 
pable of great accuracy, nor did he always execute 
tt in the best manner. <* Sometimes,'' says he, 
^ I measured, sometimes I paced, and I believe I 
akn mthin a scantling of the truth/^ 

Femel, a Fren^ physician, measured with a 
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wheel from Paris to AmieDs, which are nearly in 
the same meridian, and he determined the d^ree 
from thence to be 56,7^ French toises ; a resolt 
which falls short of the truths though not very con- 
siderably. 

These investigations, it is plain, could not but 
leave considerable uncertainty with respect to the 
magnitude of the earth. The Academy of Sciences 
became interested in the question, and the measure*, 
ment of an arch in the meridian was undertaken 
under its auspices, and executed by the Abbe H- 
card, already known for bis skill in the operations 
of practical geometry. He followed a method si- 
milar to that of Snellius, according to which, the 
distance between Amiens and Malvoisin was found 
from a series of triangles, and a base of 5663^ toises. 
He determined the difiference of latitude by means 
of a zenith sector of ten feet radius, and found it to 
be l"" 23" &5'\ The whole distance was 78,820 
toises, whence the d^ree came out 57,060 toises. 
This was the first measurement of a degree of the 
meridian, on which perfect reliance could be placed. 

Hitherto no doubt had been entertained of the 
spherical figure of the earth, and, of consequence, 
of the equality of all the degrees of the meridian, 
so that, if one was known, the whole circumference 
was determined. Men, with the precipitation 
which they so oflen manifest, of assuming, without 
sufficient evidence, the conclusion which appears 
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molt simple, were no sooner satisfied that the eaith 
was itrandy than they supposed it to be tmlj sphe- 
rictiL An observation soon occurred, which gave 
mson to suspect, that mudi more must be done 
before its figure or its magnitude were completely 
ascertained* 

With a view of observing the sun's altitude in the 
vidnity of the equator, where the distance from the 
xenith being inconsidehible, the cffiscto of refraction 
must be of small account, it was agreed, by the same 
academy, to send an astronomer, M. Richer, to 
muke observations at the island of Cayenne, in 
South America. 

Richer observed the solstitial altitude of the sun 
at that place in 167% snd found the distance of 
the tropics to be 46'' 5T ^'' ; and, therefore, the 
obliquity of the ecliptic da"" 28' 2t2'% agreeing al* 
most precisely with the determination of CassinL 

The most remarkable circumstance^ however^ 
which occurred in the course of this voyage, was, 
that the dock, though furnished with a pendulum 
of the nme length which vibrated seconds at Fbris, 
was found, at Cayenne, to lose two minutes and a 
half a day nearly* Hiis created great astonishment 
in lYance, especially af);ar the accuracy of it was 
confirmed by the observations of Varin and Des* 
hayes, who, some years afterwards, visited different 
places on the coast of Africa and America, near the 
line, and found the necessity of shortening the pen- 

▼OL. II. p 
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dulom^ to make it vihnte seconds in those latitudes. 
The first explanation of this remarkable phenome- 
non was given by Newton, in the third book of his 
Principia^ poblidied in 1687» where it is deduced 
as a necessary consequence of the earth's rotation 
on its axis, and of the centrifugal force thence aris- 
ing. That force changes both the direction and the 
intensity of graidty, giving to the earth an oblate 
spheroidal figure, more elevated at the equator than 
the poles, and making bodies fall, and pendulums 
vibrate, more slowly in low than in high latitudes. 
This solution, however, did not, any more than 
the book in which it was contained, make its way 
very readily into France. The first explanation 
of the retardation of the pendulum,, which was re- 
ceived there, lyas given by Huygens in 1690. 
Huygens deduced it also from the centrifugal force, 
arising from the earth's rotation, and the view which 
he took was simpler, though much less accurate 
than that of Newton. It had, indeed, the simpli- 
city which often arises from neglecting one of thq 
essential conditions of a problem ; but it was neverr 
theless ingenious, and involved a v^ry accurate 
knowledge of the nature of centrifugal force. I 
am thus b^)ught to touch on a subject which be: 
longs properly to the second part of this Disserta^ 

tion, for Which the fuller discussion of it must of 

» 

course be reserved* 



FHTSICAI. SCIENCE^ 9SIJ 



Section V. 



OPTICS. 



I. Optical Knowledge of the Ancients. 

On account of the rectilineal propagation of 
light, the phenomena of optips are easily expressed 
in the form of mathematics propositions, and seevq, 
as it were, spontaneously to o^r themselves to the 
study of geometers. Euclid perceiving this affi-» 
nity, began to apply the science which he had al- 
ready cultivated with so much success, to explaia 
the laws of vision, before a similar attempt had 
been made with respect to apy other branch of ter^ 
restrial physics, and at least fifty years before the 
researches of Archimedes had placed mechanics 
among the number of the mathematical sciences. 

In the treatise ascribed to Euclid, there are^ 
however, only two physical principles which have 
completely stood thie test of subsequent improve- 
ment. The first of these is the proposition just 
referred to, that a point in any object is seen in 
the direction of a straight line drawn from the eye 
to that point ; and the second is, that when a point 
in an blqect is seen by reflection from a polished 
surface, the lines drawn from the eye and froffi 
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the object to the point whence the reflection is 
made» are equally inclined to the reflecting surface. 
These propositions are assumed as true ; they 
were, no doubt» known before the time of Euclid, 
and it is supposed that the discovery of them was 
the work of the Platonic school. The first of 
them is the foundation of Optics proper^ or the 
theory of vision by direct light ; the second is the 
fimndation of Catoptrics^ or the theory of vision by 
teflected light. Dioptrics, or vision by refracted 
I^ty had not yet become an object of attention. 

Two other principles which Euclid adopted as 
populates in his demonttrations, have not met with 
the same entire confirmation from experiment, and 
wc^i indeed, true only in certain cases, and not uni- 
Vosallyi as he supposed. The first of these is, 
that we judge of the magnitude of an object alto^ 
gifttlmr by the magnitude of the optical angle, or 
the an^ which it subtends at the eye. It is true 
that this an^e is an important element in that 
lodgment, and Euclid^ by discovering this, came 
into the possession of a valuable truth ; but by a 
^^ecies of sliphistry, very congenial to the human 
mind, be extended the principle too far, and sup- 
posed it to be the only circumstance which deter- 
lUinefl our judgment of visible mikgnitude. It is, 
indeed^ the only measure which we are fiimiif^ed 
with dfowtly by the eye itself ; but there are few 
esses in which we form our estimate without first 
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appealing to the comm^tary afforded by the sen- 
sations of touchy or the corrections derived from 
our own motion. 

Another principle, laid down by the same geo* 
mfter, is in circumstances nearly similar to the 
preceding. According to it, the place of any pohit 
of an object seen by reflection, is always the intar- 
section of the reflected ray, with the perpendicnlar 
drawn from that point to the reflecting surface. 
The proof offered is obscure and defective $ the 
prqposition, however, is true, of plane specula always, 
and of spherical as far as Euclid^s investigations 
extended, that is, while the rays fall on the specu- 
lum with no great obliquity. His assumption, 
therefore, did not aifect the truth of his conclusions, 
though it would have been a very unsafe guide in 
more general investigations. The book is in ma- 
ny other respects imperfect, the reasoning often 
unsound, and the whole hardly worthy of the great 
geometer whose name it bears. There is, how« 
ever, no doubt that Euclid wrote on the subject of 
optics, and many have supposed that this treatise is 
a careless extract, or an unskilful abridgment of 
the original work. 

Antiquity furnished another mathematical trea- 
tise on optics, that of the astronomer Ptolemy. 
This treatise, though known in the middle ages, 
and quoted by Roger Bacon, had disappeared, and 
was supposed to be entirely lost, till within these 
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few yearB» when a maniucript on optics, professing' 
to be the work of Ptolemy, and to be translated 
from the Arabic, was fomid in the King's Libraiy 
at Paris, llie most Talnable part of this work is 
that whieh rehites to refraction, from whence it ap^ 
pears that many experiments had been made on 
th|it subject, and the angles of incidence and re- 
fraction, for different transparent substances, ob- 
served with so much accuracy, that &e same ratia 
very nearly of the ones of these angles from air in* 
to water, or into glass^ is obtained from Ptolemy'» 
numbers, which the repeated experiments of later 
times have shown to be true. The work, however^ 
in the state in which it now appears, is very obscure, 
the reasoning often deficient in accuracy,. and the 
mathematical part much less perfect than might 
have been expected. Modem writers, presuming 
partly on the reputation of Ptdlemy, and partly 
guided by the authority of Roger Bacon, had as- 
cribed to this treatise more merit than it appears to 
possess ; and, of consequence, had allowed less to 
the Aral)ian author Alhaasen, who eomes next in 
the order of time, than of right bdongs to him. 
Montucla, on the authority of Bacon, says, that 
Ptolemy ascribed the increase of the apparent mag- 
nitude of the heavenly bodies near the horizon, to 
the greater distance at which they are supposed to 
be, on account of the number of intervening ob- 
jects across which they are seen. Ptolemy's expla- 

10 
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Bation, however, as stated by Delambre, * from the 
manuscript just mentioned, is quite different from 
this, and amounts to no more than the vague and 
imsatisfactory remark, that an observer looks at the 
bodies near the zenith in a constrained posture, and 
in a situation to which the eye is not accustomed. 
The former explanation, therefore, given by Alha- 
sen, but supposed to have been borrowed from Pto* 
lany, must now be returned to its right owner. 
It is the best explanation yet known. 

These are the only mathematical treatises on 
optics of any consideration which the ancients have 
transmitted to us ; t but many metaphyseal spe- 



* Connaissance des Terns, 1816^ p. 245^ &c. The glimpfles 
of truth; not destined to be fiillj discovered till many ages 
afterwards^ which are found in the writings of the andents, 
are always interesting. Ptolemy distinguishes what has 
since been called the virtual focus, which takes place in cer- 
tain cases of reflection from spherical specula. He remarks, 
that colours i^e confounded by the rapidity of motion, and 
^ves the mstance of a wheel painted with different colours, 
and turned quickly round, 

t Another Greek treatise on optics, that of Heliodorus of 
Larissa, has been preserved, and was first published by 
Erasmus Bartholinus at Paris, in l657« It is a superficial 
work, which, to a good deal of obscure and unsound meta- 
physics, adds the demonstration of a few very obvious truths. 
The author holds the opinion, that vision is performed by 
the emission of something from th^ eyes ; and the reason 
which he assigns is, that the ey«s are convex, and more 
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colatioiu on l^t and viikm an to be found in 
the writings of tlie pliiloiophets. Aristotle defin* 
ed light much «s lie had defined motion ; tiie act 
or energy qfa irati^arent bodjf^ m as much as it 
is transparenL The reason for callmg light an 
act <rf* a transparent body is» that, thou^ a body 
may be tnnsparent in power or capacity, it does 
not become actually transparent but by means of 
light* Li^t brings the transparency into action ; 
it is, therefore, the act of a tran^arent body. In 
sach miserable puerilities did the genius of this 
great man exhaust itself, owing to the unfortunate 
direction in which his researches were carried 
on. 

In his farther speculations concerning light, he 
denied it to be a substance; and his argument 
contains a angular mixture of the ingenious and 
the absurd. The time, he says, in which light 
spreads from one place to another is infinitely 
small, so that light has a velocity which is infinite- 
ly great. Now, bodies move with a velocity in- 
versely as the quantities of matter which they ooup 
tain ; light, therefore, cannot contain any matter, 

adapted to emit than to receive. His metaphysics may 
be judged of from this specimen.' He has not been made 
mention of by any ancient author, and the time when he 
wrote is unknown. As he quotes, however, the writings of 

Ptolemy and Hero, he must have been later than the first 
century. 
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that is, it cannot be material. ^ That the vebdty 
of light was infinitely great, seemed to him to fol« 
low from this, that its progress, estimated either in 
the direction of north and south, or of east and 
west, iq[qpeared to be instantaneous. In the opi- 
nion of the 'Platonists, and of the greater part of 
the ancients, vision was performed by means of 
certain rays which proceeded from the eye to the 
olyect, though they did not becmne the instm« 
ments <^ conveying sensations to the mind, but in 
consequence of the pre!3ence of light* In this the- 
ory, we can now see nothing but a rude and hasty 
attempt to assimilate the sense o( sight to that of 
touch, without inquiring sufficiently into the par- 
ticular characters of either. 

Epicurus, and the philosophers of his school, as 
we learn from Lucretius, entertained more correct 
notions of vision, though they were still far firom 
the truth. They conceived vi&aon to be pe^rform- 
ed in consequence of certain simulacra^ or imi^es 
continually thrown off from the surfaces of bodies, 
and entering the eye. This was the substitute in 
their philosc^y for rays of light, and had at least 
the merit of representing that which is the medium 
of vision, or which forms the communicati<m be- 



* The truth of the mathematical proposition, that ^j-=^0, 
was perceived by Aristotle. A strong inteUect i* always 
visible in the midst of his greatest errors. 
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tween the eye and external objects, as somethii^ 
proceediDg from the latter. The idea of Simula^ 
cra^ or spectra, flying off continually from the 
surfaces of bodies, and entering the eye, was per- 
haps as near an approach to the true theory of vi- 
sion as could be made before the structure of the 
eye was understood. 

In the arts connected with optics, the ancients 
had made some progress. They were sufficiently 
acquainted with the laws of reflection to construct 
mirrors both plane and spherical. They made 
them also conical ; and it appears from Plutarch, 
that the fire of Vesta, when extinguished, was not 
permitted to be rekindled but by the rays of the 
sun, which were condensed by a conical speculum 
of copper. The mirrors with which Archimedes 
set fire to the Roman gallies have been subjects of 
much discussion, and the fact was long disbelieved, 
on the ground of being physically impossible. The 
experiments of Kircher and Buffon showed that 
this impossibility was entirely imaginary, and that 
the effect ascribed to the specula of the Greek 
geometer might be produced without much diffi- 
culty. There remains now no doubt of their 
reality. A passage from Aristophanes * gives 
reason to believe that, in his time, lenses of glass 
were used for burning, by collecting the rays of 

* In Nubibus, Act 2, 8C« 1. v. 20« 
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(he sun ; btit in a matter that concerns the history 
of science, the authority of a comic poet and a 
satirist would not deserve much attention, if it 
were not confirmed by more sober testimony* 
Pliny, speaking of rock crystal, * says that a globe 
or ball of that substance was sometimes used by the 
phyncians for collecting the rays of the sun, in 
order to perform the operation of cautery. Ih 
another pastoge, he mentions the power of a glass 
globe filled with water, to produce a strong heat 
when exposed to the rays of the sun, and express* 
^s his surprise that the water itself should all the 
while remain quite cdld. 

With respect to the power of glasses to magnify 
objects seen through them, or to render auch ob^- 
jeots more distinct, the ancients appear to have 
observed ill, and to have reasoned worse. ** Liters 
quamvis minutse et obscur» per vitream pilam aqua 
plenam majores clarioresque cemuntur. Sidera 
ampliora per nubem adspicienti . videntur : quia 
acies nostra in humido labitur^ nee apprehendere 
quod vult Jideliter potest.** t This passage, and 
the speculations concerning the rainbow in the 
same place, when they are considered as contain^ 
ing the opinions of some of the most able and best 
Informed men of antiquity, must be admitted to 



■T^ 



• Hist Nat lib. 37. cap. 10. 

t Seiieca> Nat Quest Lib. i. cap. 6, 
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m^ik, in a vevy 8<trik}iig manner^ tke lufncy of 
the physical 8cience9* 



2. Fbom Alhazen'to Ksfler. 

An intenral of nearly a thousand yean divided 
Ptolemy from Alhaaen, who, in the history of o^ 
tical discovery, appears as his immediate successor. 
This ingenious Arabian lived in the eleventh cen- 
tury, and his merit can be more fairly, and will be 
more highly appreciated, now that the woik of his 
predecessor has become known* Tlie merit of his 
book on Optics was always admitted, but he was 
supposed to have borrowed much from Ftolemy» 
without acknowledging it ; and the prefudices en- 
tertained in favour of a Greek author, e^>eciaUy of 
tme who had been for so many years a legislator in 
adenoe, gave a ialse impression, both of the grains 
and the inti^^ty of his modem rival. The work 
of Alhazen is, nev^heless, in many reqpects, su- 
perior to that of Ptolemy, and in nothing more 
than in the geometry which it employs* The 
problem known by his name, to find the point in a 
spherical speculum, at which a ray coming froin 
one ^ven point shsll be reflected to another givMt 
point, is very well resolved in his book, though a 
problem of so much difficulty, that Montucla 
hazards the opinion, that no Arabian geometer was 
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erer equal to the sblution of it. * It is now cei;^ 
taiiif however^ that the solution, from whatever 
quarter it came, was not borrowed from Ptolemy, 
in whos6 work no mention is made of any such 
question ; and it may rery well be doubted, whe* 
ther, had this problem been proposed to him, the 
Grtdk geometer would have appeared to as much 
advantage as the Arabian. 

The account which the latter gives of the aug- 
mtatation of the diameters of the heavenly bodies 
near the horizon has been already mentioned. He 
treated also of the refraction of light by transparent 
bodies, and particularly of the atmospheric refrac- 
tion, but not with the precision of Ptolemy, whose 
optical treatise Delambre seems to think it proba- 
ble that he had never seen. The anatomical struc* 
ture g( thcf ey^ was known to him \ concerning the 
uses of the different parts he had only conjectures 
to oflfer ; but on seeing single with two eyes, he 

* Barrow^ in his 9di lecture^ days of this Problem, that it 
may truly be called 3ud)ut^ayoiFj as hardly any one more diffi- 
cult had then been attempted by geometers. He adds, that, 
after trying the analysis in many different ways, he had 
found nothing preferable to the solution of Alhazen, which 
he therefore gives, only freed from the prolixness and ob^ 
scnrity with which the original is chargeable. Lectiones 
OpUca, Sect. 9. p. 65. A very elegant solution of the same 
problem is given by Simson, at the end of his Conic Sec- 
tions. 
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made this verj important remark, that, when cor- 
responding parts of the retina are aflPected, we per- 
ceive but one image. 

Ptolixity and want of method are the faults of 
Alhazen. Vitello, * a learned Pole, commented 
on his works, and has very much improved their 
method and aarrai^ement in a treatise published in 
1270. He has also treated more fiilly of the sub- 
ject of refraction, and reduced the results of his ex- 
periments into the form of a table exhibiting the 
angles of refraction corresponding to the angles of 
mcidenpe, which he had tried in water and glass. 
It was not, however, till long after this period 
that the law which connects these angles was dis- 
covered. The cause of refraction appeared to him 
to be the resistance which the rays suffer in passing 
into the denser medium of water or glass, and one 
can see in his reasoning an obscure idea of the re- 
solution of forces. He also treats of the rainbow, 
and remarks, that the altitudes of the sun and bow 
together always amount to 42 degrees. He next 
considers the structure of the eye, of which he has 
given a tolerably accurate description, and proves, 
as Alhazen had before done, f that vision is no^ 
performed by the emission of rays from the eye. 

* The name of this author is oommonly writtoi Fiielliq. 
He may be siippQsed to have known best the orthography 
of his own name. 

I Alhazen^ Opt Lib. 1. 
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Roger Bacon, distinguished for pursuing the 
path of true philosophy in the midst of an age of 
ignorance and error, belongs to the same period ; 
and applied to the study of optics with peculiar dir 
Jigence. It does not appear, however, that he ad- 
ded much to the discoveries of Alhaeen and Pto- 
lemy, with whose writings, particularly those of the 
former, he seems to have been well acquainted. In 
some things he was much behind the Arabian op- 
tician, as he supposed with the ancients that vision 
is performed by rays emitted from the eye. It 
must, however, be allowed, that the arguments 
employed on both sides of this question are so weak 
and inconclusive, as very n)uch to diminish the me- 
rit of being right, and the demerit of being wrong* 
What is most to the credit of Bacon, is the near 
approach he appears to have made to the knowledge 
of lenses, and their use in assisting vision. Alha- 
zen had i%marked, that small objects, letters, for 
instance, viewed thrpugb 4 segment of a glass 
sphere, were seen magnified, and that it is the 
larger segment which magnifies the most* The 
spherical s^ment was supposed to be laid with its 
base on the letters, or other minute objects which 
were to be viewed* Bacon recommends the small- 
er segment, and observes, that the greater, though 
it magnify more, places the object farther off than 
its natural position, while the other brings it near- 
er. This shows ^su£Sciently, that he knew how to 
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trace the progress of the rays of light through a 
spherical transparent body, and understood^ what 
was the thing least obvious^ how to determine the 
^ace of the image.' Smithy in his Optics, endea^ 
tours to show, that these conclusions were purely 
theonetical, and that Roger Bacon had never made 
aUy experiments with such glasses, notwithstanding 
that he speaks as if he had done so. * This severe 
remark proceeds on sotne slight inaccuracy in Ba^ 
eon's description, which, however, does not seem 
sufficient to authorize so harsh a conclusion. The 
probability appears rather to be, as Molineux sup- 
posed, that Bacon had made experiments with such 
glasses, and was both practically and theoretically 
acquainted with their properties. . At the same 
time, it must be acknowledged, that his credulity 
on many points, and his fondness for the marvel- 
lous, which, with every respect for his talents, it is 
impossible to deny, take something away from the 
force of his testimony, except when it is very ex- 
pressly given. However that may be in the pre- 
sent case, it is probable, that the knowledge of the 
true properties of these glasses^ whether it was 
theoretical or practical, may have had a share in in- 
troducing the use of lenses, and in the invention of 
ipectacles, which took place not long after. 

It would be desirable to ascertain the exact pe- 

• Smith's Optics, Vol IF. Remttrks^ J 76. 

8 
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riod of an invention of such singular utilitjr as this 
]ast ; one that diffiises its advantages so widely, and 
that contributes so much to the solace and comfort 
of old age» bj protecting the mast intellectual of the 
senses against the general prc^ess of decay. In 
the obscurity of a dark age, careless about record- 
ing discoveries of which it knew not the principle 
w the value, a few faint traces and imperfect indi- 
cations serve only to point out certain limits within 
which the thing sought for is contained. Seeking 
for the origin of a discovery, is like seeking for the 
source of a river where innumerable streams have 
claims to the honour, between which it is impossi- 
ble to decide, and where the only thing that can 
be known with certainty is the boundary by which 
they are all circumscribed. The reader will find 
the evidence concerning the invention of spectacles 
very fully discussed in Smith's Optics, from which 
the most probable conclusion is, that the date goes 
bbck to the year 1318, and cannot with any certain- 
ty be traced farther. * 

The lapse of more than two hundred years 
brings us down to Maurolycns, and to an age when 
men of science ceased to be so thinly scattered over 
the wastes of time. Maurolycus, whose knowledge 
of the pure mathematics has been already mention- 

* Smith's Optics, Vol. 11. Remarks, § 75. 
VOL. II. Q 
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ed, was distinguished for his skill in optics. He 
was acquainted with the crystalline lens, and con- 
ceived that its office is to transmit to the optic nerve 
the species of external objects ; and in this process 
he does not consider the retina as any way con- 
cerned. This theory, though so imperfect, led 
him nevertheless to^form a right judgment of the 
defects of short-sighted and long-sighted eyes. In 
one of his first works, Theoremata de Lumine et 
Umbra, he also gives an accurate solution of a 
question proposed by Aristotle, viz. why the light 
of the sun, admitted through a small hole, and re- 
ceived on a plane at a certain distance from it, al- 
ways illuminates a round space, whatever be the 
figure of the hole itself, whereas, through a large 
aperture, the illuminated space has the figure of 
the aperture. To conceive the reason of this, 
suppose that the figure of the hole is a triangle ; it 
is plain that at each angle the illuminated space 
will be terminated by a circular arch of which the 
centre corresponds to the angular point, and the 
radius to the angle subtended by the sun's semidi- 
ameter. Thus the illuminated space is rounded 
off at the angles ; and when the hole is so small 
that the size of those roundings bears a large pro- 
portion to the distance of their centres, the figure 
comes near to a circle, and may be to appearance 
quite round. This is the true solution, and the 
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mime with that of Maurolycus. The same anthw 
appears also to have observed the caustic . curve 
formed by reflection from a concave speculum. 

A considerable step in optical discovery was 
made at this time by Bi^ista Porta, a Neapolitan^ 
who invented the Camera Obsctara^ about the 
year 1560, and described it in a work, entitled 
Magia Naturalis. The light was admitted through 
a small hole in the window-shutter of a dark room, 
and gave an inverted picture o( the objects from 
which it proceeded, on the opposite wall. A 
lens was not employed in the first constructi0n 
of this apparatus, but was afterwards used ; and 
Porta went so far as to consider how the efl^ 
might be produced without inversion. He ap« 
pears to have been a man of great ingenuity ; and 
though much of the Magia Naturalis is directed 
to frivolous ofagects, it indicates a great familiarity 
with experiment and observation. It is remark- 
able, that we find mention made in it of the reflec- 
tion of cold by a speculum,* an experiment 
which, of late, has drawn so much attention, and 
has been supposed to be so entirely new. The 
cold was perceived by making the focus fall on the 
eye, which, in the absence of the thermometer, 
was, perhaps, the best measure of small variations 

* Magia Naturalis^ Lib. !?• cap. 4* p. 5S3* Amsterdam 
edit. 1664 
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of temperature. Porta's book was extremely po- 
pular ; and when we find it quidtly translated into 
Italian, French, Spanish, and AtsIhc, we see how 
much the love of science was now excited, and 
wbat eflfects the art of printing was now beginning 
to produce. Baptista Porta was a man of fortune, 
and his house was so much the resort of the cu« 
liotts and learned at Naples, that it awakened the 
jealousy with which the court of Rome watdbed 
the progress of improvem^it. How grieyous it is 
to obsenre the head of the Christian church, in 
diat and the succeeding age, like the Anarch old 
in Milton, reiguii]^ in the midst of darkness, and 
ccnnplaining of the microachmenta which the realm 
of light was oantinually making on his ancient em« 
pire! 

The constitution of the eye, and the functions 
of the diflferent parts of which it consists, were not 
yet fully understood. Maurolycus had nearly dis* 
covered the secret, and it was but a thin, though, 
to him, an impenetrable veil, which still concealed 
one important part of the truth. This veil was 
drawn aside by the Neapolitan philosopher; but 
the complete discovery of the truth was left to 
Killer, who, to the ^ory of finding out the true 
laws of the planetary system, added that of first 
analyzing the whole scheme of nature in the struc- 
ture of the eye. He perceived the exact resem- 
blance of this organ to the dark chamber, the 
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rays entering the pupil being collected by the 
crystalline lens^ and the other humours of the eye» 
into Jbcif which paint on the retina the inverted 
images df external objects. By another step of 
the process, to which our analysis can never be ex- 
pected to extend, the mind perceives the images 
thus formed, and refers them at the same time 
to things without. 

It seemed a great difficulty, that, thougb the 
images be inverted, the objects are se^i erect ; but 
when it is considered that each point in the object 
is seen in the direction of the line in which the 
light passes from it to the retina, through the 
centre of the eye, it will appear that the upright 
position of the object is a necessary consequence of 
this arrangement. 

Kepler's discovery is explained in his Paralipo* 
inena in VitelHonem, * (Remarks on the Optics of 
Vitello,) a work of great genius, abounding with 
new and enlarged views, though mixed occasion^- 
ly with some unsound and visionary speculations. 
. This book appeared in 1604. In the next article 
we shall have occasion to return to the considera- 
tion of other parts of Kepler's optical discoveries. 



Caput 5. de Modo Vbionis. 



\ 
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3. Fbom Kepler to the combcemcement ov 
Newton's Optical Discoveries. 

The rainbow had» fitmi the earliest Umes, been 
aa object of interest with those who bestowed at- 
tention on optical appearances, but it is much too 
complicated a phenomenon to be easily explained* 
In general, howevert it was understood to arise 
from light reflected by the drops of rain falling 
from a doud opposite to the sun. The difficulty 
seemed to be how to account for the colour, which 
is neyer produced in white light, such as that of 
the sunt by mere reflection. Maurolycus advanced 
a considerable step when he supposed that the 
light enters the drop, and acquires colour by 
refraction } but in tracing the course of the ray he 
was quite bewildered. Others supposed the refrac- 
tion and the colour to be the eflfect of one drop, 
and the reflection of another ; so that two refrac- 
tions and one reflection were employed, but in 
such a manner as to be still very remote from the 
truth. 

Antonio de Dominis, Ardibishop of Spalatro, 
had the good fortune to fall upon the true explana- 
tion. Having placed a bottle of water opposite to 
the sun, and a little above his eye, he saw a beam 
of light issue from the under side of the bottle. 
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ipi^ch acquired different colours, in the same order, 
and with the same brilliancy as in the rainbow, 
when the bottle was a little raised or depressed. 
From comparing all the circumstances, he perceiv- 
ed that the rays had entered the bottle, and that, 
after two refractions from the convex part, and 
a reflection from the concave, they were returned 
to the eye tiiq;ed with different colours, according 
to the angle at which the ray had entered. The 
rays that gave the same colour made the same 
angle with the surface, and hence all the drops 
that gave the same colour must be arranged in 
a circle, the centre of which was the point in 
the cloud opposite to the sun. This, though not a 
complete theory of the rainbow, and though it left 
a great deal to occupy the attention, first of Des- 
cartes, and afterwards of Newton, was perfectly 
just, and carried the explanation as far as the prin- 
ciples then understood allowed it to go. The 
discovery itself may be considered as an anomaly 
in science, as it is one of a very refined and subtle 
nature, made by a man who has given no other in- 
dication of much scientific sagacity or acuteness* 
In many things his writings show great ignorance 
of principles of optics well known in his own time, 
so that Boscovich, an excellent judge in such Mat- 
ters, has said of him, ** homo opticarum rerum, 
jsupra id quod patiatur ea aetas imperitissimus/' 



948 MATHEMATICAL AMD 

The bodt containing this discovery was pnbiished 
in 1611.* 

A discovery of the same period, but somewhat 
earlier, will always be considered as among the 
most remarkable in the whole circle of human 
knowledge. It is the invention of the telescope, 
the work in which, (by following unconsciously iiie 
plan of nature in the formation of the eye,) man 
has come the nearest to the construction of a new 
organ of sense. For this great invention, in its 
original form, we are indebted to accident, or 
to the trials of men who had little knowledge of 
the principles of the science on which they were 
conferring so great a favour. A series of scientKc 
improvements, continued for more than two hun- 
dred years, has continually added to the peiTection 
of this noble instrument, and has almost entitled 
science to consider the telescope as its own produc« 
tion. 

It will readily be believed, that the origin of such 
an invention has been abundantly inquired into» 
The result, however, as is usual in such cases, has 
not been quite satisfactory ; and all that is known 
with certainty is, that the honour belongs to the 
town of Middleburgh in Zealand, and that the 



• De RadiiB Laicis in Vitris penpectivk et Iride — Venc- 
ills, in 4to« 



PHYSICAL SCIENCE. S49 

date is between the last ten years of the sixteenth 
century, and the first ten of the seventeenth. Two 
different workmen belonging to that town, Zacha- 
riah Jans, and John Lapprey, have testimonies in 
their favour between which it is difficult to decide ; 
the former goes back to 1590, the latter comes 
down to about 1610. It is not of much conse- 
quence to settle the priority in a matter which is 
purely accidental ; yet one would not wish to for- 
get or mistake the names of men whom even chance 
had rendered so great benefactors to science. What 
we know with certainty is, that the account of the 
effect produced by this new combination of glasses 
being carried to Galileo in I6IO, led that great 
philosopher to the construction of the telescope^ 
and to the interesting discoveries already enumerat- 
ed. By what principle he was guided to the com- 
bination, which consists 8f one convex and one 
concave lens, he has not explained, and we cannot 
now exactly ascertain. He had no doubt observ* 
ed, that a convex lens, such as was common in 
spectacles, formed images of objects, which were 
distinctly seen when thrown on a wall or on ^ 
screen. He might observe also, that if the image^ 
instead of falling on the screen, were made to fall 
on the eye, the vision was confused and indktinct* 
In the trials to remedy this indistinctness, by means 
of another glass, it would be found that a concave 
lens succeeded when placed before the eye, the eye 
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itself being also a little more advanced than the 
screen bad been. 

This instrument^ though very imperfect, com- 
pared with those which have been since construct* 
ed, gave so much satis&ction, that it remained long 
without any material improvement. Descartes, 
whose treatise on Optics was written near thirty 
years after the invention of the telescope, makes no 
mention of any but such as is composed of a convex 
object-glass, and a concave eye-glass. The theory 
of it, indeed, was given by Kepler in his Dioptrics, 
(1611,) when he also pointed out the astronomical 
telescope, or that which is composed of two convex 
lenses,, and inverts the objects. He did not, how- 
ever, construct a telescope of that kind, which 
iq[»pears to have been first done by Scheiner^ who 
has given an account of it in the Rosa Ursina, (in 
1650,) quoted by Montuck.  

After the invention of the telescope, that of the 
nucroscope was easy ; and it is also to Galileo that 
we are indebted for this instrument, which cUscovers 
an immensity on the one side of man, scarcely less 
wonderful than that which the telescope discovers 
on the other. The extension and divisibility of 
matter are thus rendered to the natural philosopher 
almost as unlimited as the extension and the divisi- 
bility of space are to the geometer. 



« Vol. 11. p. 234, 2d edit. 



PBT8ICAL 8CISKCS. 251 

T%e theory of the telewope, now become the 
main object in optical sdence, required that the 
law of refraction should, if possible, be accurately 
ascertained. This had not yet been eflfected, and 
Kepler, whose Dioptrics was the most perfect trea- 
tise on refraction which had yet appeared, had been 
unable to determine the general principle which 
connects the angles of incidence and refraction* In 
the case of glass, he had found by experiment, that 
those angles, when sinall, are nearly in the ratio of 
three to two, and on this hypothesis he had found the 
focus of a double convex lens, when the curvature 
of both sides is equal, to be the centre of curvature 
of the side turned toward the object,— ^a proposi* 
tion which is known to coincide with experiment. 
From the same approximation, he derived other 
conclusions, which were found useful in practice, in 
the cases where the angles just mentioned were 
very small. 

The discovery of the true law of refraction was 
the work of Snellius, the same mathematician whose 
labours concerning the figure of the earth were be- 
fore mentioned. In order to express this law, he 
supposed a perpendicular to the refinacting surface, 
at the point where the refiraction is made^ and also 
another line parallel to this perpendicular at any 
given distance from it. The refracted ray, as it 
proceeds, will meet this parallel, and the incident 
is supposed to be produced, till it do so like- 
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wise. Now, the general truth which SndEua fimnd 
to hold, whatever was the position of the iacident 
ray, is» that the segments of the rrfracted ray and 
of the incident ray, intercepted hy these parallels, 
had always the same ratio to one another. If either 
of the media were changed, that throogh which the 
incident ray, or that through which the refracted 
ray passed, this ratio would be changed, but while 
the media remained the same, the ratio continued 
unalterable. It is seldom that a general truth is 
seen at first under the most simple aspect : this law 
admits of being more simply expressed, for, in the 
triangle formed by the two segments of the rays, 
and by the parallel which they intersect, the said, 
s^ments have the same ratio with the nnes of the 
opposite angles, that is, with the sines of the angles 
of incidence and refraction. The law, therefore, 
comes to this, that, in the refraction of light, by 
the same medium, the sine of the angle of incidence 
has to the sine of the angle of rafraction always the 
same ratio. This last simplification did not occur 
to Snellius ; it is the work of Descartes, and was 
first given in his Dioptrics, in i637» where no men- 
tion is made of Snellius, and the law of refraction 
appears as the discovery of the author. This na- 
turally gave rise to heavy charges i^ainst the can- 
dour and integrity of the French philosopher. The 
work of Snellius had never been published, and the 
author himself was dead ; but the proposition just 



FHYftlCAL SCIENCE* 253 

referred to had been commiuiieated to his friends, 
aad had been taught by his countryman. Professor 
Hortensios, in his lectures. There is no doubt, 
therefore, that the discovery was first made by Snel-* 
lius, but whether Descartes derived it from him, 
or was himself the second discoverer, remains un- 
decided. The question is one of those, where a 
man's conduct in a particular situation can only be 
rightly interpreted from his general character and 
behaviour. If Descartes bad been uniformly fair 
and candid )n his intercourse with others, one would 
have rejected with disdain a suspicion of the kind 
just menti<med. But the truth is, that he appears 
throughout a jealous and suspicious man, always in^ 
clined to depress and conceal the merit of others. 
In speaking of the inventor of the telescope, he 
has told minutely all that is due to accident, but 
has passed carefully over all that proceeded from 
design, and has incurred the reproach of relating 
the origin of that instrument, without mentioning 
the name of Galileo. In the same manner, he 
omits to speak of the discoveries of Kepler, so 
nearly connected with his own ; and in treating of 
the rainbow, he has made no moition of Antonio 
de Dominis. It is impossible that all this should 
not produce an unfavourable impression, and hence 
it is, that even the warmest admirers of Descartes 
do not pretend that his conduct toward jSnellius 
can be completely justified. 
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Descartes would have conceived his philosophy 
to be disgraced if it had borrowed any general 
principle from experience, and he therefore deri- 
ved, or aflfected to derive, the law of refraction 
from reasoning or from theory. In this reasoning, 
there were so many arbitrary suppositions concern- 
ing the nature of light, and the action of transpa- 
rent bodies, that no confidence can be placed in the 
conclusions deduced from it. It is indeed quite 
evident, that, independently of experiment, Des- 
cartes himself could have put no trust in it, and it 
is impossible not to feel how much more it would 
have been for the credit of that philosopher to have 
fairly confessed that the knowledge of the law was 
from experiment, and that the business of theory 
was to deduce from thence some inferences with re- 
spect to the constitution of light and of transparent 
bodies. This I conceive to be the true method of 
philosophizing, but it is the reverse of that which 
Descartes pursued on all occasions. 

The weakness of his reasoning was perceived and 
attacked by Fermat, who, at the same time, was not 
very fortunate in the theory which he proposed to 
substitute for that of his rival. The latter had laid 
it down as certain, that light, of which he suppos- 
ed the velocity infinite, or the propagation instan- 
taneous, meets with less obstruction in dense than 
in rare bodies, for which reason, it is refracted to- 
ward the perpendicular, in passing from the latter 

11 
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into the former. This seemed to Fermat a very 
improbable supposition^ and he conceived the con- 
trary to be true» viz. that light in rare bodies has 
less obstruction, and moves with greater velocity 
than in dense bodies. On this supposition, and 
appealing, not to physical, but to final causes, Fer« 
mat imagined to himself that he could deduce the 
true law of refraction. He conceived it to be a 
fact that light moves always between two points, so 
as to go from the one to the other in the least time 
possible. Hence, in order to pass from a given 
point in a rarer medium where it moves faster, to 
a given point in a denser medium where it moves 
slower, so that the time may be a minimum^ it 
must continue longer in the former medium than 
if it held a rectilineal course, and the bending of 
its path, on entering the latter, will therefore be 
toward the perpendicular. On instituting the cal- 
cuius, according to his own doctrine of maxima 
and minima^ Fermat found, to his surprise, that 
the path of the ray must be such, that the sines of 
the angles of incidence and refraction have a con- 
stant ratio to one another. Thus did these philo- 
sophers, setting out from suppositions entirely con- 
trary, and foUowing routes which only agreed in 
being quite unphilosophical and arbitrary, arrive, 
by a very unexpected coincidence, at the same con- 
clusion. Fermat could no longer deny the law of 
refraction, as laid down by Descartes, but he was 
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less than ever disposed to admit the justness of his 
reasoning. 

Descartes proceeded from this to a problem 
which, though suggested by optical considevatioiia, 
was purely geometrical, and in which bis researcfi- 
es were completely successful. It was well known, 
that, in the ordinary cases of refraction by spheri- 
cal and other surfaces, the rays are not collected 
into one point, but have their foci spread over a 
certain surface, the sections of which are the curves 
called caustic curves, and that the focus of opti- 
cians is only a point in this surface, where the rays 
are more condensed, and, of course, the illumina- 
tion more intense than in other parts of it. It is 
plain, however, that if refraction is to be employed, 
either for the purpose of producing light or heat, it 
would be a great advantage to have all the rays 
which come from the same point of an object unit- 
ed accurately, after refraction, in the same point of 
the image. This gave rise to an inquiry into th^ 
figure which the superficies, separating two trans- 
parent media of di£Perent refracting powers, must 
have, in order that all the rays diverging from a 
given point might, by refraction at the said super- 
ficies, be made to converge to another given point.* 
The problem was resolved by Descartes in its full 
extent ; and he proved, that the curves, proper for 

* Cartcsii DioptriccSi cap. Svuni ; Geometria, lib. j^diu. 
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generating mich superficies by their revolution, are 
all comprehended under one general character, viz. 
that there are always two given points, from which, 
if straight lines be drawn to any point in the curve, 
the one of these, plus or minus that which has a 
given ratio to the other, is equal to a given line. 

It is evident, when the given ratio here mention- 
ed is a ratio of equality, that the curve is a conic 
section, and the two given points its two focL 
The curves, in general, are of the fourth or the 
second order, and have been distinguished by the 
name of the ovals of Descartes. 

From this very ingenious investigation no prac- 
tical result of advantage in the construction of lens- 
es has been derived. The mechanical difficulties 
of working a superficies into any figure but a sphe- 
rical one are so great, that, notwithstanding all the 
eflforts of Descartes himself, and of many of his fol- 
lowers, they have never been overcome, so that the 
great improvements in (^tical instruments have 
arisen in a quarter entirely different. 

Descartes gave also a full explanation of the rain- 
bow,* as far as colour was not concerned, a part of 
the problem which remained for Newton to resolve. 
The path of the ray was traced, and the angles of 
the incident ray, with that which emerges afiier two 
refractions and one reflection, was accurately deter- 



* Meteoruin^ cap. Svum. 
VOL. II. B 
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mined. Descartes paid litde attention to those who 
had gone before him^ and, as already remarked, no* 
ver once mentioned the Archbishop of Spalatnn 
Like Aristotle, he seems to hare formed the de^ 
sign of cutting off the memory of all his piedecea- 
sors, but the invention of printing had made this 
a far more hopeless undertaking than it was in the 
days of the Greek philosopher. 

After the publication of the Dioptrics of De»> 
cartes, in 1687, * considerable interral took place, 
during which optics, and indeed science in general, 
made but little progress, till the Optica Promota of 
James Gregory, in 1663, seemed to put them again 
in motion. The author of this work, a profound 
and inventive geometer, had applied diligently to 
the study of optics and the improvement of optical 
instruments. The Optica Promota embraced se- 
veral new inquiries concerning the illumination and ' 
distinctness of the images formed in the foci of 
lenses, and contained an account of the Reflectii^ 
Telescope still known by the name of its author* 
The consideration which suggested this instrument 
was ^e imperfection of the images formed by sphe* 
rical lenses, in consequence of which, they are not 
in plane, but in curved surfaces. The desire of re- 
moving this imperfection led Gregory to substitute 
reflection for refraction in the construction of tele* 
scopes ; and by this means, while he was seeking to 
remedy a small evil^ he provided the means of 



PHYSICAL 8CIBKCE. S59 

airoiding a much greater one, with which he was 
not yet acquainted, ii2« that which arises from the 
unequal refranglbility of light. The attention of 
Newton was about the same time drawn to the same 
object, but with a perfect knowledge of the defect 
which he wanted to reinoTe. Ghr^ry thoi^ht it 
necessary that the specula should be of a parabolic 
figure ; and the execution proved so difficult, that 
the instrument, during his own life, wss never 
brought to any perfection. The qpecula were after- 
wards constructed of the ordinary spherical form, 
and the Gregorian telescope, till the time of Dr 
Herschel, was more in use than the Newtonian. 

Gregory was Professor of Mathematics at St An- 
drews, and afterwards for a short time at Edin- 
burgh. His writings strongly mark the imperfect 
intercourse which subsisted at that time between 
this country and the Continent. Though the 
Optics of Descartes had been published twenty-five 
years, Gregory had not heard of the discovery of 
the law of refraction, and had found it out only by 
his own effi>rts ;-^appy in being able, by the fer* 
tility of his genius, to supply the defects of an in- 
sulated and remote situation^ 

A course of lectures on optics, delivered at Cam- 
bridge in 1668, by Dr Barrow, and published in 
the year following, treated of all the more difflcuU 
questions which had occurred in that state of the 
science, with the acuteness and depth which are 
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found in all the writings of ihat geometer. This 
work contains some new views in optics, andagreot 
deal of profound mathematical discussion. 

About this time Grimardi, a learned Jesuit, the 
companion of Riccioli, in his astronomical laboun, 
made known some optical phenomena which had, 
hitherto escaped observation. They respected the 
action of bodies on light, and when compared with^ 
reflection and refraction, might be called, in the 
language of Bacon's philosophy, crepuscular in-, 
stances, indicating an action of the same kind, but 
much weaker and less perceptibler Having stretch- 
ed a hair across a sun-beam, admitted through a 
hole in the window-shutter of a dark chamber, he 
was surprised to find the shadow much larger than, 
the natural divergence of the rays .could have led, 
him to expect. Other facts of the same kind made 
known the general law of the diffraction or in^ 
jfiecticn of light, and showed that the rays are acted 
on by bodies, and turned out of their rectilineal 
course, even when not in contact, but at a mea- 
surable distance from the surfaces or edges of such 
bodies. . Grimaldi gave an account of those facts in 
a treatise printed at Bologna in 1665. * 

Optics, 9S indeed all the branches of natural phi- 
losophy, have great ohUgations to Huygens. The 
former was among the first scientific objects which 

* Fbysico-Mathesb de Lumine^ Coloribus, &c. in 4to. 
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occupied his mind; and his Dioptrics, though a 
posthumous work, is most of it the composition of 
bis early youth. It is written with great perspicui- 
ty and precision, and is said to have been a favourite 
book with Newton himself. Though banning 
from the first elements, it contains a full develope- 
raent of the matters of greatest difficulty in the 
construction of telescopes, particulaily in what con- 
cerns the indistinctness arising from the imperfect 
foci into which rays are united by spherical lenses ; 
and rules are deduced for constructing telescopes, 
which, though of diflferent sizes, shall have the same 
degree of distinctness, illumination, &c. Huygens 
was besides a practical optician ; he polished lenses, 
and constructed telescopes with his own hands, and 
some of his object-glasses were of the enormous fo- 
cal distance of 180 feet. To his Dioptrics is add- 
ed a valuable treatise De Formandis Vitris. 

In the history of optics, particular attention is 
due to his theory of light, which was iBrst commu- 
nicated to the Academy of Sciences of Paris, in 
16789 and afterwards published, with enlargements,' 
in 1690.* 

Light, according to this ingenious system, con- 
fflsts in certain undulations communicated by lu- 
minous bodies to the etherial fluid which fills all 
space. This fluid is composed of the most subtle 



 Traits de la Lumidre. Lcyd. I69O. 
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matter, ii highly elastic, and the undiilatioiis an 
propagated through it with great veloctty in afdieri*- 
cal sup^ciw proceeding from a centre* Light» 
in thia viev^of it, differs from that of the Carteiiao 
system, which is supposed to be without elasticityt 
and to convey impressions instantaneously, as s 
staff does from the object it touches to the hand 
which holds it. 

It is not, however, in this general view, that the 
ingenuity of the theory appears, but in its iqi^Iica* 
^n to Explain the equality of the angles of inci- 
dence and reflection ; aod, most of all, the constant 
ratio which subsists between the sioes of the anglea 
of incidence and of refraction* Few things are to 
be met with more simple and beautiful than thia 
last application of the theory ; but that which is 
most remarkable of all is, the use made of it to ex- 
plain the double refraction of Iceland crystal* Thia 
crystal, which is no other than the cakareons spar 
of mineralogists, has not only the property of re- 
fracting light in the usual manner of glass* water, 
and other transparent bodies, but it has also another 
power of refraction, by which even the rays falUng 
perpendicularly on the surface of the crystal are 
turned out of their course, so that a double Image 
is formed of all objects seen through these crystals* 
This property belongs not only t6 calcareous spar, 
but, in a greater or less degree, to all substances 
which are both crystallised and transparent* 
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The common refraction is explained by Huygens^ 
on. the supposition, that the undulations in the lu« 
minons fluid are propagated in the form of spheri- 
cal waves* The double refraction is explained on 
the supposition^ that the undulations of light, in 
passing through the calcareous spar, assume a 
spheroidal form) and this hypothesis, though it 
does not apply with the same simplicity as the for- 
mer, yet admits of such precision, that a proportion 
of the axes of the spheroids may be assigned, which 
will account for the precise quantity of the extra- 
ordinary refraction, and for all the phenomena de- 
pendent on it, which Huygens had studied with 
great care, and had reduced to the smallest number 
of general facts. That these spheroidal undula- 
tions actually exist, he would, after all, be a bold 
theorist who should affirm ; but that the supposi- 
tion of their existence is* an accurate expression of 
^he phenomena of double refraction, cannot be 
doubted. When one enunciates the hypothesis of 
the spheroidal undulations, he, in fact, expresses in 
a single sentence all the phenomena of double re- 
fraction. The hypothesis is therefore the means of 
representing these phenomena, and the laws which 
they obey, to the imagination or the understanding, 
and there is, perhaps, no theory in optics, and but 
very few in natural philosophy, of which more can 
be said. Theory, therefore, in this instance, is 
merely to be regarded as the expression of a gene- 
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ral law, and in that Kght, I think , it is conndered 
by La Place. 

To cany the theory of Huygens farther, and to 
render it quite satisfactory, a reason ought to be 
assigned why the undulations of the luminous fluid 
are spheroidal in the case of crystals, and spherical 
in all other cases. This .would be to render, the 
generalization miDre complete ; and till that is done, 
and a connection clearly established between the 
structure of crystallized bodies, and the property of 
double refraction, the theory will j-emain imperfect. 
The attention which at present is given to this 
most singular and interesting branch of optics, and 
the great number of new phenomena observed and 
classed under the head of the Polarisation qf Lights 
make it almost certain that this object will be either 
speedily accomplished, or that science has here 
reached one of the immoveable barriers by which 
the circle of human knowledge is to be for ever cir- 
cumscribed. 
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In the former part of tJiis sketch, the hktory of 
each division of the sciences was continued without 
interruption, from the beginning to the end. Dur- 
ing the period, however, on which I am now to en- 
ter, the advancement of knowledge has been so 
rapid, and marked by such distinct steps, that seve- 
ral pauses or resting-places occur of which it may 
be advisable to take advantage. Were the history 
of any particular science to be continued for the 
whole of the busy interval which this second part 
embraces, it would leave the other sciences too far 
behind ; and would make it difficult to perceive the 
mutual action by which they have so much assisted 
the progress of one another. Considering some 
sort of subdivision, therefore, as necessary, and ob- 
serving, in the interval which extends from the first 
of Newton's discoveries to the year 1818, three dif- 

10 
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ferent conditions of the Fhysico-Mathematical sci- 
ences, well marked and distinguished by great im- 
provements, I have divided the above interval into 
three corresponding parts. The first of these, 
reaching from the commencement of Newton's dis- 
coveries in l66d, to a little beyond his death, or to 
1730, may be denominated, from the men who im- 
pressed on it its peculiar chamcter, tJie period qf 
Newton and Leibnitz. The second, which, for a 
similar reason, I call that of Euler and D'Alem^ 
bert, may be regarded as extending from lySO to 
I78O ; and the third, that of Lagrange and La- 
place, from I78O to 1818. 
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PERIOD FIRST. 



Section I. 
THE NEW GEOMETRY. 

The seventeenth century, which bad adyanced 
with such spirit and success in combating prejudice, 
detecting error, and establishing truth, was des- 
tined to conclude with the most splendid series of 
philosophical discoveries yet recorded in the history 
of letters. It was about to witness, in succession, 
the invention of Fluxions, the discovery of the 
Composition of Light, and of the Principle of Uni- 
versal Gravitation, — ^all three within a period of 
little more than twenty years, and all three the 
woik of the same individual. It is to the first of 
these that our attention at present is to be particu- 
larly directed. 

The notion of Infinite Quantity had, as we have 
already seen, been for some time introduced into 
Greometry, and having become a subject of reason* 
ing and calculation, had, in many instances, after 
fucilitating the process of both, led to conclusions 
from which, as if by magic, the idea of infinity had 
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entirely disappeared, and left the geometer or the 
algebraist in possession of valuable propositions^ in 
which were involved no magnitudes but such as 
could be readily exhibited. The discovery of such 
results had increased both the interest and extent 
of mathematical investigation. 

It was in this state of the sciences, that Newton 
began his mathematical studies, and, after a very 
short interval, his mathematical discoveries. * The 
book, next to the elements, which was put into his 
hands, • was Wallis's Aritlimetic qf InfiniteSf a 
work well fitted for suggesting new views in geo- 
metry, and calling into activity the powers of ma* 
thematical invention. Wallis had effected the 
quadrature of aU those curvet in which the vabie of 
one of the co-ordinates can be expressed in terms 
of the other, without involving either fractional or 
negative exponents. Beyond this point neither 
his researches^ nor thoie of any other geometer,, 
had yet reached, and from this point the discoveries 
of Newton beg&n# The Savilian Professor had 
himself been extramely desirous to advance into 
the new region, where, among other great objects^ 
the quadrature of the circle must necessarily be 
contained, and he made a very noUe effint to pasb 
the barrier by whkh the undiscovered country ap- 



* Hs entered at Trinity College, Oambridge, in Jane 
1 660. The date of bis first dUcoveries is about 166S. 



PHYSICAL 8CIBKCB. 97 1 

peared to be defended* He mm plainly, that if 
the equations of the curves which he had squared 
were ranged in a regular series, from the simpler 
to the more complex, their areas would constitute 
another correspondkig series, the terms of which 
were all known. He farther temaiiced, that, in 
the first of these series, the equation to the drde 
itself might be introduoed, and would occupy the 
middle place between the first and second terms of 
the series, or between an equation to a straight 
line and an equation to the common parabola* He 
concluded, therefore, that if, in the second seriesi 
he could interpolate a term in the middle, between 
its first and second terms, this term must nece»> 
sarily be no other than the area of the circles 
But when he proceeded to pursue this very refined 
and philosophical idea, he was not so fortunate ) 
and his attempt toward the requisite interpolation, 
though it did not entirely fiiil, and made known a 
curious property of the area of the circle, did not 
lead to an indefinite quadrature of that curve. * 
Newton was much more judicious and successful in 
his attempt* Proceeding on the same genetal prin* 



* The intetpolation of Wallit failed, becMue he did not 
emploj literal or general ej^nents. His theorem, express- 
ing the area of the entire cirde by a fraction, of which the 
numerator and denominator are each the continued product 
of a certain series of numbers, is a remarkable anticipation 
of some of Euler's discoveries, Cole Int. Tom. h cap. 8, 
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ciple with Wallis, as he himself tells us, the simple 
view which hetook of the areas already computed, an4 
of the terms of which each consistedt enabled him 
to discover the law which was common to them all, 
and imder which the expression for the area of the 
circle, as well as of innumerable other curves, must 
needs be comprehended. In the case of the circle, 
as in all those where a fractional expoaent f^pear- 
ed, the area was exhibited in the form of an infi* 
nite series. 

The problem of the quadrature of the circle^ 
and of so many other curves, being thus resolved, 
Newton immediately remarked, that the law of 
these series was, with a small alteration, the law 
for the series of terms which expresses the root of 
any binomial quantity whatsoever. Thus he was 
put in possession of another valuable discovery, the 
Binomial Theorem, and at the same time4perceived 
that this last was in reality, in the order of things, 
placed before the other, and afforded a much easier 
access to such quadratures than the method of in- 
terpolation, which, though the first road, appeared 
now neither to be the easiest nor the most direct* 

It is but rarely that we can lay hold with cer- 
tainty of the thread by which genius has been 
guided in its first discoveries. Here we are pro- 
ceeding on the authority of the author himself, for, 
in a letter to Oldenburg, * Secretary of the Royal 

* Commercium Epistolicum^ Art 55, 
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Stdetjr of LonduD, he has enttred into connder- 
able dcteil on this subjeet, addingt (so ready uxt 
tfas steps of inTention to be forgotten,) that the 
fiietsivoQld hare entirely escaped his memory, if ho 
had not bean reminded of them by some notes 
i«hioh he had made at the time, aqd which he had 
aocidenbiUy fallen on. The whole of the lettat 
jut refared to is one of the most valuable docu* 
ments to be fbund in the history of invention* 

In all this, however, nothing ooeurs from whioh 
it ean be inferred that the method of fluxions had 
yet oeeunred to the inventor. His discovery con- 
sisted in the method of reducing the value of ^ 
the ordinate of a curve, into an infinite series of the 
int^er powers of « the sibsoissa, by division, or the 
extraction of roots, that is, by the Bmomial Theo* 
rem ; after which, the pert of the area belon^ng 
to each term could be assigned by the aridunetic of 
infinites, or other methods already known. He 
has assured us himself, however, that the great 
principle of the new geometry was known to htUt 
and applied to investigatiim as early as 1660 or 
1666. *^ Independently of that authority, we also 
know, on the testimony of Barrow» that soon after 
the period just mentioned, there was put into las 
bands by Newton » maaMer^ treatise, t the ssne 

* Qiudratfire <yf Curves^ IntffDducticm. 
t Com. Epist. No. I. II. III. &c. 

VOL. II. s 
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was afterwsrds published under the title ^of 
Analysis per MquaHones Numero Termioorum 
h^mtas, in which, though the instrument of u^ 
Testigation is nothing else than infinite series^ die 
jMond^e of fluxions, if not fully explained, is a£ 
kast distinctly pointed out. Barrow strongly exw 
iMrted his young friend to publish this treaante.to 
the world ; but the modesty of the author, of which 
the excess, if not culpid)le, • was certainly in the 
preaent instance very unfiortunate, prevented his 
compliance^ All this was previous to the. year 
1669; the treatise itself was not published till 
yjllj more than forty years after it was written. 

For a long time, therefore, the discoveries of 
Newton were only known to his friends, and the 
first work in which he communicated any thing to 
the world on the subject of fluxions was in the first 
ediCiw df the Frincipia, in I6879 in the second 
Lemmft of llie second book» to which, in the dis- 
putes that have since arisen about the invention of 
the new analysis, refa*ence has been sp often made. 
The principle of the fluxionary calculus was there 
pointed , out, but nothing appiSared that indicated 
the.peeuliar algpritfam, or the new notatiouj which 
is ^so.essential to that calculus# About this Newton 
had yet given no ii^nnatioii 1 and it was only 
from the second volume of Wallis's Works, in 

1 693, that it became known to the world. * It 

- - - -  ... - - ^— — ^— 

* Wallis says, that he had inserted in the English edition 
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wa» no less than ten years after thk, in 1701, thst 
Newton himself first published a work on the new 
calcuhis, his • Quadrature of^ Curves, more than 
twenty-eight years after it was written. 

These discoveries, however, even before the press 
was employed as their vehicle, could not remain al- 
together unknown in a country where the mathe- 
matical sciences were cultivated with zieal and. dili- 
gence. Barrow, .to whom they were first made 
^nown by the author himself, communicated them 
to Oldenburg, the Secretary of the Ropl Society, 
who had a very extensive correspondence all over 
Europe. By him the series for the quadrature . of 
the circle were made known to James Gcegory, in 
Scotland, who had occiq>ied^ himself very much 
with the same subject. They wer^ also communi- 
cated to Leibnitz in Germany, who had become 

r 

I ' .-      

of Bis book/published in 1685, several extaracts from New- 
ton's Letters, '^ Omissis multis atHs tm^i noUUu dignk, eo 
quod speraverim clarissimum virum vciuisse turn iUm, ium alia 
quas apud ijpftmi premU edidisse. Cum vera iUud rumdumfcm 
cerU lib^ eorum nonnulia hie attingere ne pereani.'* Among 
these last is an aocount of the fluxionary notation, according 
to which the fluxions of flowing quantities are distinguished 
by points, and also of certain applications of tlufl new algo- 
rithm, extracted from two letlevs of Newtcm, written in 
179^^-^-Opera, Tom. II. p. 390, &c<*-^There is no evidence 
4^ this notation having eodfted earlier than that date, though 
it be highly i>rob2ible that it did 
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aequainted with Oldenburg, in a visit whidi he 
flttde to England in IGTS. At ihe time of that 
vitity Leibnits was but little conversant with the 
mathematics; but havii^ afterwards devoted his 
great talents to the study of that scieiiee^ he was 
soon in a con£tion to vuke new discoveries* He 
-invented a method of squaring the cirdet by trans- 
forming it into another ciirve of an equal area, but 
having the ordinate expressed by a mtional fraction 
of the abscissa, so that its area oould be found by 
the methods already known. In this way he die* 
covered the series, so remarkdlde for its simplicity, 
which gives die value of a circular arch in terms of 
the .tangent This. series he communicated to Ol- 
denburg in I674, add (received from him in tetum m 
account of die progress made by Newton and Gre- 
gory in the invention of series. In I676, Newton 
described his method of quadratures at the request 
of Oldexiburg, in order that it might be transmitted^ 
to Leibnits in the two letters already mientioned, as 
of such value by Recording the views which guided 
that great geometer m his eariiest, and some of his 
most important discoveries. The method of flux- 
ions is not communicated in these letters ; nor are 
the principles of it in any way suggested ; though 
there are, in the last letter, two sentences in trans- 
posed characters, which ascertain that Newton was 
then in possession of that method, and employed in 
speaking of it the same language in which it was 
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iftemaids made ktiawd. bi thefoUbwing jWf 
LeibDitei in a letter to 01deiibat-g» introduces difi^ 
ftreiitials^ and the tnetihods of his oalciilns for tbe 
int time. 'Thi$ letter, ^ which id veify important^ 
clearly proves tbat the author Was theb^ in fall pos* 
iCMioii of the principles of his calculus ; knul had 
even invented die algorithm and notation4 

From these facts, and they are all that bear dif> 
oetly on the question concerning the inveutiftu of 
Ae infinitesimal analpis, if they be fairly and dis*- 
pasBionatdy examined, T think that no doiibt'ioan 
femain, that Neivton was the fint ioventor of that 
analysisy which he called by the name of JHuxions $ 
tet that, in the comiiiunitttioos made: by him^ dr 
his firiends, to Leibnite, diere was notbmg that 
eoiild convey any idea of the principle on whidh 
that analysis was founded, or of the algoritbu 
whidi it involved. The things stated <wefe merdy 
-tesults ) «iid though some of those rektidg to the 
tangents of curves m^t show the author to he a 
-possesmn of a method, of investigation difisreUt 
4tom infinite series yet they aflbrded no indication 
«f llie nature of tlmt method, <xr the prin<»]^68 on 
iwhich it proceeded^ 

In what manner Newton's communrnitlons in 
the two letters already referred to, may have acted 
In stimulating the curiosity and extrading or ev^n 

. * Cbnuoercium fpittQlieuipaiy Na $6. 
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directii^ the views of such a man as Leibmts» I 
shall not presume to decide, (nor even, if such eflfect 
be admitted, will it take from the originality of his 
discoveries ;) but that in the authenticated conunu- 
nications which todk place between these i^osor 
phers, there was nothing which could make known 
the nature of the fluxionary calculus, I coaaider as 
a fact most fully established. . . 

Of J the new or infinitesimal analyffis, we are^ 
therefore, to consider Newton as. the first invehtokv 
Leibnitz as the second ; his discovery, though pos- 
terior in time, having been made independently of 
the other, and having no less olaim to originality. 
It had the advaati^ also of being first made know& 
to the world ; an account of it, and of its peculiar 
algorithm, having been inserted in the first voliime 
of the Acta Eruditorum^ in 1684n. Tfaua^ while 
l^ewton'a dilscovery remained a . tocret, com«iuni<* 
cated only to a few friends, the geometry of Leib- 
inta was spreading with great rapidity over the 
Continent. Two mo^ aible coadjutors, the bnv 
thers Jamea and John Bernoullit joined their taleniB 
to tho|e of the original inventor, aiid illustrated;the 
new methods by the solution of a great variety ' of 
-difficult and interosting problems. The reserve of 
'Newton still kept his countrymeb ignorant of his 
ge<mietrica1 discoveries, and the first book that ap- 
peared in England on the new geometry was that 
of Craig, who professedly derived his knowledge 
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fram die wrkii^a of Leihnitz and his inends. Nof 
tjbittgy however, like rivalship or hostility between 
these inventors had yet appeared ; each seemed 
willing to. admit the originality of the other's disf 
coveries ; and Newtm, in the passage of the JPrh^ 
Oj^ia just referred to, gave a highly fatouraUe opi* 
nion on the subject of the discoveries of Leihnitr^ - 
• The qtiiet, however, that now prevailed between 
the £nglish and German philosophers, was clearly 
of a nature (;o be easily disturbed* With the £ngv 
hsh WQs eonyiotiop, and, as we have seen9.a weU 
gvounded conviction, that the first discovery of th^ 
Infinitei^imal Analysis was the property of Newton'; 
but the analysis thus discovered .was yet unknown 
to- the public, and was in the haitds of the invenUNC 
and his friends. With the Genna^s, there was the 
conviction, also well founded, that the invention^qf 
^ir countryman was perfectly original } ai;id .they 
had the satis&ction to see his calpulu^ everywhere^ 
ad^ed, and himself consider^ all over the Contit 
neot as the sole inventor* The friends of Newtoq 
HffvM m>t bpit resist this latter claim, an^ the friei^j^ 
of.I#ibnit^ seeing th^t their, master had becoiqq 
the g|:^t>. teacher of the new calcu].us, could not 
eaaily bring themselves to acknowledge that he was 
not the first discoverer. The trangaillity that ex^ 
isted. under such circumstances, if once disturbed^ 
was not likely to be speedily, restored. 

Accordingly, a remark of Fatio de Duillier, ^ 
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gigtheintaoian» not otherwise 'vecy nnMrkiUby nai 
•officient to light vp a flame which a whole century 
has been hardly suffictent to eictiiigitiBb. In a pa«> 
per on the lioe of swiftest descent^ wldoh he pns 
eented to the Royal Soeiety in lG99f was thig een^ 
tetice 3 *^ I hold Newton to ha^e been the flrdt m« 
veMor of this ealottiusi and the earliest, hysetiml 
jfearsi induced by the evidence ef ftcts; and whether 
iMkmiiMf the second inventor, has borrowed any 
thing from the other, I leave to the jutlgment ^ 
those who have seen the letters and tnnniiscripts ot 
Newton/' Leibnits replied to this charge in tha 
Leipsk Jantnaly without any asperity, simply stst* 
lug himself to have been, as well as Newtoui the 
bventor ; neither contesting nor acknowledging 
Newton's claim to priority, but asserting his own to 
the first publication of the calculus. 

Not long after this, the publication of Newton's 
Quadrature i^CurOes^ And his Enumeration qftke 
Unes qfihe third order^ (1705,) aflforded the same 
journalists an c^poktunity of showing their det^N 
mination to ^ort the insinuations of DuiUier, and- 
to catry the war into the country of the enemy« 
After giving a veiy imperfect synqNUs of the flfst 
ofthese books, thf^y add; ^' Pro dijffereniiiB igiiur 
Leibnidanh D. Hewlonus adhibet^ semperq^ ad- 
kibuit flujcione^ ; qua? sunt proxh/ne tU^dn^um 
augmenta^ equaUbus temporis parikuiis quam mi^ 
nimis genita ; Usque turn in sms Prineipus Natu- 
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iw Mathmatkiif hm in Mis post editO^ekgant' 
tir. e$t luus; qtmMdmedum Hanbratm Fahrius 
M .$ua %ndpsi Geametricd mutuum ftrogressM 
OmaUenmnBfM/mdoswbtUtluL^^* 

Jb tpite of the pblitfintes and^attbigiiiby of this 
fiishgCk tin most obvious meaiuiig appeased to Jbc| 
thai; Newtcn had been led totfae notion of flasiotis 
fa^ the diftimtiaU rf Leibmts^ juit,«B.H(nib]:iftufe 
Fifai had been led tqaiihstitiite the idea of pco^rea- 
flm rndtion £tr tiie indhdsibles of CaTalierL . A 
bhaige so entiniy unfdaiidedf ^ inconaistentiriA 
admowledged facts» aaul so little consonant: io dft- 
damtioila thai had fotmeriy come irom l^e^ same 
quarter, could not but call forth the indighation of 
Nenfrton aAd his friends^ espteially as it waaknofe^n, 
that these journalists ^pokbthe famguagaof .I«dh- 
mta and BemouUi* In that indignatioli thay^cae 
j^erfetly justifiM ^ but when the minAi of eoni- 
tending parties hive beoome irritated in a certaui 
degree it often happen! that the iigustiee cf one 
sida is retaliated by ad equal injuatioe front ths.iq^ 
posiM. Aceordiiigly, Keill» who, with tmoraifaeai 
than jui^ment, undeVtook the defehidoof Newloit'B 
dbiini, instead of eufearouring. to establish' thepaif 
orilj itf hia diseoveribB, b)r an appeal to foctaiad.io 
dales, that could be aocuratdy aseertaiiifed^. (xh 

wtiA he would have been eoin{iietely sacoosifel^) 

'■■ f •. f'l' - - . — i ' -- ^" I J ** *. . lii   .. 1 «• ..tji..— 

• C«ta(L fipiBU Na 97« Naivtoftii Opsrm, Xpn» LV4|>..^77. 
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undertook to prove, that the communications of 
Newton to Leibnitz, were sufficient to put the lat^ 
ter in possession of the principles of the new ani^ 
lysis, after which he had only to substitute the no^ 
tion of di£ferentials for that of ^uxions. In sup- 
port of a charge which it would have required the 
deareat and most irresistible evidence to justify^he 
had, however, nothing to oSbr but equivocal &ols 
and overstrained arguments,, .such as could only 
Convince those who were already disposed to be» 
fieve. They were, acoondingly, received as somid 
reasoning in England, rejected as iabsunl in Gen- 
many, and read with no eS&et by the maiiiemati^ 
cians of France and Italy. . .' 

; Leibnits compldned of KeilPs proceeding to the 
Royal Society of London, which declined giving 
judgment, but appointed a comniissioti of its mem* 
bars to draw up a full and detailed rqxxrt of all 
the communications whidi ' had passed between 
Newtoaand Leibnitz, or their friends, on subjects 
connected with the new analysis^ from the time of 
CoUin&and Oldenburg to the date of Keill's iettei; 
to Sir Hans Sloane in 171^ the same thajt^wiis 
now complikined of. This report forms ^^diat.ia 
called the Commercitan EpisMicwn ; it was piifa^ 
lished by order of the Royal Society the year M« 
lowing, and contains an account of the fiaBts^ 
which, though in the main fair and just, does not 
give that impression <rf* the impartiality oi the re* 

4 
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potteiiB, wfaicb the circttmitaDces fio inperiously de;> 
manded. Leibnitz complamed of tin» publieatioD^ 
and alleged, that though nodiing might bei inserted 
that was not oonkained ia the original letters, ye^ 
eertain passages . were suppressed which were- &• 
:?ourable to his pretensions. He threatened an 
aoaswen wAiii^, howerer, never appeared. . Sour 
notes were added i to the Cammerdum^ ^ichioottf 
tain a good deal of asperity ^ndanaopportedinsif 
auaCiokl the i?€cemio, or. review, of it; iaaarted 
in the PMIosaphical TransecUom fiir I7 15, thoi^h 
writteh^ with ability, is still mbre haUe to the samfe 
eensarej .. > 

In the year (I7IS) which fiailowed the publica*- 
tion of the Commercium EfistoluMny a paragraph 
Was circidated among the nuthematieians of< £u- 
ft>pey purporting to be the. judgment qf a matke^ 
pmtkian on the invention. of the new analysis. 
The author* was not named^ but. was generally un«- 
derstood to be John Bernonlli, dS which, indeed^ 
the terms in which Leiboita^ speaks oft the jud^ 
ment leaves no room to doufaL 'Bernoulli was 
without question well acquainted with the subject 
in dispute ; he was a perfect master of the calcu- 
lus y.\ he had been, one of the great instruments of 
its advancement, and, except impartiality, poaasss- 
ed every requisite for a judge. Without offence it 
might be said, that he could scarcely be accounted 
impartial. He had been a party in all that had 
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happened i^^-mamify attached aa he fvaa to the one 
tide, and graady eia^eitted aguufc the other^ hit 
temper had been more frequendy raffled, and hia 
pasauma or piejudicei moie Tioleady excited, tlMtt 
thoae of any other indhridual. With all hia abOitiefl^ 
therefore, he was not likely to pro^ the.fasreiAand 
BMet candid judge, in a canae that m^kt idmeat he 
conaiderad aa hia own* Hia aantedoi^ honewiv ia 
pronomioed in calm and tempetite ladgHage, .aind 
amoonla to this. That tkgr^ is no reason to Mieve^ 
thai Ae JIuxiomcry calculus was trnfoMed. b^fbitc 
the diffisremtial I shall refer to a note «. the dkh 
cussion of the evidence which he points out as^e 
ground of this dedsion, though the fivBta aleeady 
atated might be considered as sufficient to enable 
the reader toibrm an opinion on the subjiect. The 
liiends of Leibnitx hurt thdr own cause, Iqr at* 
tempting to fix on Newton a charge of plagiarised, 
which was refuted by such a chain of endence, by 
ao many dates distinctly aseertaiaed^ and so many 
-concessions of their own. A candid review of the 
evidence led to the cfanviction, thai; both Newton 
and LeUmits were ooriginal inventors* When lihe 
En^ish mathematicians aecused Lribnits of. boiv 
rowing ftom Newton, they vrere^ therefore,, going 
much farther than the. evidence authorised them, 

* This note having been lefl in an unfinished state^ can* 
net be presented to the piiblic.— E. 

8 
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and were mirtaking tlieir own partudities for prooft» 
They mamtained what waa not trae» biit what, tie^ 
▼erth^leasy was not physically imponlble, the dBseo* 
vn7 of Newton being certdnly prior to that of 
Leibnitz, The G^ennan mathematieiana^ on the 
other hand, wben they chitf]ged Newton with bor- 
rowing from Leibnitz, were maintaining what was 
not only false, but what involyed an impossibility. 
This is the only part of the dilute, in which any 
thing that could be construed into mdla fidtt can 
be said to bare aj^eared. I am far, however^ from 
givi]^ it that construction ; men of such high cha* 
racter, both for integrity and talents^ as Leibnita 
and Bernoulli, ought not to be lightly subjected to 
so crael an imputation. Partiality, prejudice, and 
passioii, are sufficient to account for much injustice, 
without a decided intenticm to do wrong. 

In the state of hostility to which matters were 
now brought, the new analysis itself was had re- 
course to, as affi>rding to either side abundant 
meuis of annoying its adverBaries, by an inexlmust- 
iUe 8up]dy of problems, accessible to those alone 
who were initiated in the doctrines, and who could 
command the resources of that analysis. Hie 
power of resolving such problems, di^refolne, seem* 
ed a test whether diis analysis was understood or 
not. Already some question of thb kind had 
been proposed in the Leqmc Jaumalj not as defi- 
ance^ but as exercises in the new geometry. Such 
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was the problem of the Catenaria^ er the carve^ 
vt}AxAk a chain of unifonn weight makes when sus- 
pended fh>m two points. This had been proposed 
by Bernoulli ia 1 690» and had been resolved by 
Huyg^iSy Leibntts, and himselfl. - 
. A question had been proposed, also, concerning 
the line of swiftest descent in 1697» or the line 
along which a body must descend, in order to go 
from one point to another not perpendicularly un- 
der it, in the least time possible. Though a 
straight line be the shortest distance between two 
points, it does not necessarily follow, that the descent 
in that line, will be most speedily -performed, ibr, by 
falling in a curre that has at first a very rapid docli- 
▼ky, the body may acquire in the beginning of its 
UMition so great a velocity, as shall carry it over 
a long line in less time than it would describe a 
short one, with a velocity more slowly acquired. 
This, however, is a problem that belongs to a class 
of questions of peculiar difficulty ; and accordingly 
it was resolved only by a few of the most disdii- 
guished mathematicians. The solutions which ap« 
peered within the time prescribed were from Leib^ 
nits; Newton, the two Bernoulhs, and M. de 
I'HopitaL Newton's appeared in the Phihsaphi^ 
eal Transactions without a name; but the author 
was easily recognized. John Bernoulli, on seeing 
it, is said to have exclaimed, Eat ungue leoneml 
The ^urve that ha& the profperty requised is. the 
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cycloid } Newton has given the conitnietion^ but 
has not accompanied it with the analysis. He add- 
ed afterwards the demonstraticm <^ a very curious 
theorem for determining the time of the actual de- 
scent. Leibnits resolved the problem the same 
day that he received the programme in whidi it 
was proposed: 

The problem of orthogonal trajectories^ as it is 
called, had been long ago proposed in the Acta 
Uruditorum, with an invitation to all who were 
drilled in the new analysis to attempt the solution; 
The problem had not, at first, met with the atten* 
tion it was supposed to deserve, but John BemonU 
li having resumed the consideration of it, found 
out what appeared a very perfect and very general 
solution ; and the question was then (1716) pro* 
posed anew by Leibnitz, for the avowed purpose of 
trying the skill of the English mathematicians. 
The question is, a system of curves described ac- 
cording to a known law being given, (all the hyper- 
bolas, for instance, that are described between the 
same asymptotes ; or all the parabolas that have 
the same directrix, and that pass through the same 
point, ftc) to describe a curve which' shall cut 
them all at right angles. This may be considered 
as the fint defiance professedly aimed at the Eng- 
lish mathematicians. The problem was delivered 
to Newton on his return from the Mint, when he 
was much fatigued with the business of the day ; 
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he ra8olT«i ik» howewrt the wme emaingi and hii 
wlution, though withoaf a name, ia givm in the 
Ph$io$ophical IVmuactions for I7I& * 

Thb adutioiiy howeter, only gave riiie to mw 
quaireli^ for hardly any thing so eaoellent eoiiU 
coma fimn the one side^ that it oould meet widi the 
entire approbation of the other. Newton% 11^ 
deed, was rather the pba or prqfet c£ axk investiga- 
tion, dun an actual solution ; and, in the genend 
Tiew which it took of the question, oould hardly 
provide i^^ainst all the difficulties that might occur 
in the applicaticm to particular caaes. This waft 
what Bernoulli objected to, and afibcted to treat 
the solution as of no value* Brook Taylor, Secret 
tary of the Royal Society, and well known as one 
of the ablest geometers of the time, undartodk the 
defence of it, but concluded with using Iwguage 
very re p r A e n sBile, and highly improp^ to be du 
reeted by one man of science against another* Hav- 
ing sufficiently, as he suj^w^sed, replied to Bernoulli 
and his friends, he adds, *^ If they are uot satisfied 
with the solution, it must be ascribed to Aeir Mm 
ignoranceJ* f It atrongly marka the temper by 
which both sUes woe new animated, when a man 
like Taylor, eminent for profound science, and, in 
gpiend, very much disposed to do justice to the 

• Vol. XXIX. p. 399. 
t Eomm iniperiti» tribuendnm est. 
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ineritB of othars, should so forget Umaelf as to r^ 
proach with igmnrance of the oakulas, one of the 
men who understood it the best» and who had ocm- 
tributed the most to its improvement. The irrita» 
Inlity and prcjutdices of BemoidU admitted of no de* 
fence» and he mi^ very well have been accused of 
dewing the solution of Newton through a medium 
disturbed hj their action ; but to suppose that he 
was unable to understand it> was an impertin^ace 
that could only react on the person who was guilty 
of it. Bernoulli was not exemplary for his patience, 
and it will be readily believed, that the incivility of 
Taylor was sufficiently revenged. It is painful to 
see men of science engaged in such degrading al- 
tercation, and I should be inclined to turn from so 
disagreed[)le an object, if the bad efifects of the q^ir 
lit thus excited were not such as must again obtrude 
themselves on the notice of the reader. 

Taylor not long after came forward with an open 
defiance to the whole Continent, and proposed a 
problem. Omnibus geometris non Anglis^'-^a pro* 
blem, of course, which he supposed that the £ng* 
lish mathematicians alone were sufficiently enlight- 
ened to resolve. He selected one^ accordingly, of 
very considerable difficulty,*«^the integration of a 
fluxion of a complicated form ; which, nevertheless^ 
admitted of being done in a very elegant manner, 
known, I brieve, at fhat time to very few of the 
English mathematicians^ to Cotes, to himself, and, 

VOL. II. T 
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perfaapsy one or two more. The fdeetion, nevep- 
thelegB, WIS abundantly injudicioiis ; for Bernoulli^ 
as long ago as 1702, had eiqplained the method of 
integrating this, and soch like fonnnlas, bodi in the 
Paris Mimoires and in the Leipsic Acts. The 
question, accordingly, was no sooner proposed than 
it was answered in a manner the most clear and sa- 
tisfactory ; so the defiance of Taylor only served to 
di8(4ay the address and augment the triumph of his 
adversary* 

The last and most unsuccessful of these chal* 
lei^es waa that of Keill, of whose former appear- 
ance in ^his controversy we have ahneady had ao 
much more reason to commend the zeal than the 
discretion. Among the problems in the mixed ma- 
thematics which had excited most attention, and 
which seemed best calculated to exercise the re- 
sources of the new analysis, was the determination 
of the path of a projectile in a medium which resists 
proportionally to the square of the velocity, that 
being nearly the law of the resistance which the air 
opposes to bodies moving with great velocity. The 
resistance of fluids had been treated of by New»- 
ton in the sec^md book of the Principia, and he had 
investigated a great number of curious and import^ 
ant propositions relative to its effects. He had con- 
sidered some of tlie simpler laws of resistance, but 
of the case just mentioned he Iiad given no soluti<m, 
and, after approaching as near as possiUe to it on 
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all sides, bad withdrawn without making an attack. 
A problan so fmmidable was not likely to meet 
with many who, even in the more improved state at 
which the calculus had now arrived, could hope to 
overcome its difficulties. Whether Keill had flatter- 
ed himself that he could resolve the problem, or had 
forgotten, that when a man proposes a question of 
defiance to another, he ought to be sure that he can 
answer it himself, may be doubted ; but this is cer- 
tain, that, without the necessary preparation, he 
boldly challenged Bernoulli to produce a solution. 

Bernoulli resolved the question in a very short 
time, not only for a resistance proportional to the 
square, but to any power whatsoever of the veloci* 
ty, and by the conditions which he affixed to the 
publication of his solution, took care to expose the 
weakness of his antagonist. He repeatedly offered 
to send his solution to a confidential person in Lon- 
don, providing Keill would do the same. Keill 
never made any reply to a proposal so fair, that 
there could only be one reason for declining it. 
Bernoulli, of course, exulted over him cruelly, 
breaking out in a torrent of vulgar abuse, and 
losing sight of every maxim of candour and good 
taste. . 

Such, then, were the circumstances under which 
the infinitesimal analysis, — ^the greatest discovery 
ever made in the mathematical sciences,— -was usher- 
ed into the world. Every where, as it became 
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Jmown^ it enlai^ed the views, roused the activity, 
and increased the power of the geometer, while it 
directed the wannest sentiments of his gratitude 
and admiration toward the great inventors. In one 
respect, only, its e&cts were diflferent from those 
which one would have wished to see produced. It 
excited jealousy between two great men who ought 
to have been the friends of one another, and dis- 
turbed in both that philosophic tranquillity of mind, 
for the loss of which even glory itself is scarcely an 
adequate recompense. 

In order to form a correct estimate of the mag- 
nitude and value of this discovery, it may be usefid 
to look back at the steps by which the mathemati- 
cal sciences had been prepared for it. When we 
attempt to trace those steps to their ori^, we find 
the principle of the infinitesimal analysis making its 
first appearance in the method of Exhaustions, as 
exemplified in the writings of Euclid and Archi- 
medes. These geometers observed, and, for what 
we know, were the first to observe, that the ap- 
proach which a rectilineal figure may make to one 
that is curvilineal, by the increase of the number of 
its sides, the diminution of their magnitude, and a 
certain enlargement of the angles they contain, 
may be such that the properties of the former shall 
coincide so nearly with those of the latter, that no 
real di&renoe can be supposed between them with- 
out involving a contradiction ; and it was in ascer- 
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taming the conditaons of this apfprooch, and in 
showing the contradiction to be unavoidable, that 
the method of Exhaustions consisted. The de-* 
monstrations were strictly geometrical, but they 
were often complicated, always indirect, and of 
course synthetical,* so that they did not explain the 
means by which they had been discovered. 

At the distance of more than two thousand years, 
Cavalieri advanced a step farther, and, by the sa- 
crifice of some ^[qmrent, though of no real accuracy, 
explained, in the method of indivisibles, a principle 
which could easily be made to assume the more 
rigid form of Exhaustions* This was a very im- 
pcHTtant discovery ;«— though the process was not 
analytical, the demonstrations were direct, and, 
when applied to the same subjects, led to the same 
conclusions which the ancient geometers had de- 
duced; by an indirect proof also, such as those 
geometers had adopted, it could always be shown 
that .an absurdity followed from supposing the re- 
sults deduced from the method of indivisibles to be 
other than rigorously true. 

The method of Cavalieri was improved and ex- 
tended by a number of geometers of great genius 
who followed him ; Torricelli, Roberval, Fermat, 
Huygens, Barrow, who all observed the giteat ad- 
vantage that arose from applying the general theo- 
rems concerning variable quantity to the cases 
where the quantities qiproached to one another in- 
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finitely near, that is, nearer than within any as- 
signed diflference. There was, however, as yet, no 
ealculus adapted to these researches, that is, no ge- 
neral method of reasoning by help of aihttrary 
symbols* 

But. we must go back a step, in point of time, if 
we would trace accurately the history of this last 
improvement. Descartes, as has been shown in 
the former part of this outline, made a great revo- 
lution in the mathematical sciences, by applying 
algebra to the geometry of curves ; or, more gene- 
rally, by applying it to express the relations of va- 
riable quantity. This added infinitely to the value 
of the algebraic analysis, and to the extent of its 
investigations. The same great mathematician had 
observed the advantage that would be gained in the 
geometry of curves, by considering the variable 
quantities in one state of an equation as diflfering 
infinitely little from the corresponding quantities in 
another state of the same equation. By means 
grounded on this he had attempted to draw tan- 
gents to curves, and to determine their curvature ; 
but it is seldom the destination of Nature that a 
new discovery should be begun and perfected by 
the same individual ; and, in these attempts, though 
Descartes did not entirely fiiil, he cannot be con- 
sidered as having been successfiil. * 
 -     ■... . .1   ' 

* See page 41. 
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•At last came the two discoverers, Newton and 
Ldbnitz, who completely lifted up the veil which 
their predecessors bad been endeavouring to draw 
aside. They plainly saw, as Descartes indeed had 
done in part, that the infinitely small variations of 
the' ordinate and abscissa are closely connected with 
many properties of the curve, which have but a very 
remote dependence on the ordinates and abscissse 
themselves* H^ice they inferred, that,. to obtain 
an equation expressing the relations of these vatia* 
tions to one another, was to possess the most direct 
access to the knowledge of those properties. They 
observed also,^ that when an equation of this kind 
was deduced from the general equation, it admitted 
of being brought to great simplicity, and of being 
resolved much more readily than the other* In 
effect, it assumed the form of a simple equation ; 
but, in order to make this deduction in the readiest 
and most distinct way, the introduction of new 
symbols, or of a new algorithm, was necessary, the 
invention of which could cost but little to the crea- 
tive genius of the men of whom I now speak. 
They appear, as has been already shown, to have 
made their discoveries separately ; — Newton first, 
—Leibnitz afterwards, at a considerable : interval, 
yet the earliest, by several years, in commmiicatii^ 
his discoveries to the world. 

Thus, though there had been for ages a gradual 
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approach to the new analysis^ there were in that 
pn^rett some great and sudden adTances wriuch 
eletated those who made them to a much higher 
krel than their predecessors. A great number of 
individuals co-operated in the woik ; but those who 
seem essential^ and in the direct line of adTsnce^ 
menty are Eudid, Cavalieriy Descartes, Newton* 
and Leibnitz. If any of the others had been want- 
ing, the world would have been deprived of many 
vahtaUe theorems, and many collateral improvifr 
ments, but not of any general method essential to 
the completion of the infinitesimal analysis. 

The views, however, of this analysis taken by 
die two inventoTB were not precisely the sameii 
Leflmita, considering the differencoi of Uie varia*- 
ble quantities as infinitely small, conceived that he 
might rcrject the higher powers of those dififerences 
without any sensiUe error ; ao that none of those 
powers but the first remained in the diflerential 
equation finally obtained. The rejection, how- 
ever, of the higher powers of the differentials was 
liable to olgeetion, for it had the appearance of be* 
ing only an approximation, and did not come up 
to the perfect measure of geometrical preciflMWi* 
The analyas, thus constituted, necessarily divided 
itself into two problems ;«-4he first is» — having 
given an equation involving two or more variable 
quantities, to find the equation expressing the re- 

8 
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lation of the diflferentials, or infinitdy small yaria^ 
tiona of those quantities ; the second is the eon* 
verse of this ; — Shaving given an equation involving 
two or more variable quantities, and their differen* 
tials, to exterminate the differentials, and so to ex* 
hibit the variable quantities in a finite state. This 
last process is called integration in the language of 
the diflSsrential analysis, and the finite equation ob- 
tained is called die integral of the given diflfem^ 
tial equation. 

Newton proceeded in some respects differently, 
and so as to preserve his calculus from the imputa- 
tion of neglecting or throwing away any thing 
merely because it was small. Instead of the ac- 
tual increments of the flowing or variable quanti« 
ties, he intioduced what he cdled the fluxions of 
those quantities,— -meaning, by fluxions, quantkiea 
which had to one another the same ratio which 
the inerements had in their ultimate or evanescent 
state. He did not reject quantities, therefore, 
merely because they were so small that he n^ht 
da so without committing any sensiUe error, but 
because he vm&t rqect them, in order to commit 
no ^Tor whatsoever. Fluxions were, with him, 
nothing else than measures of the velocities with 
which variable or flowing quantities were supposed 
to be generated, and they might be of any magni- 
tude, providing they were in the ratio of those ve- 
locities, or, which is the same, in the ratio of the 
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nascent or evanescent increments. * The fluxions, 
therefore, and the flowing quantities or fluents of 
Newton correspond to the differentials and the 
sums or integrals of Leibnitz; and though the 
symbols which denote fluxions are different from 
those used to express difierentials, they answer 
precisely the same purpose. The fluxionary and 
diflferential calculus may therefore be considered as 
two modifications of one general method, aptly 
distinguished by the name of the infinitesimal ana^ 
hfsis. 

By the introduction of this analysis, the domain 
of the mathematical sciences was incredibly enlai^d 
in every direction. The great improvement which 
Descartes had made by the application of algebraic 
equations to define the nature of curve lines was 
now rendered much more efficient, and carried far 
beyond its original boundaries. From the equa* 
tion of the curve the new analysis could deduce 
the properties of the tangents, and, what was much 
more difficult, could go back from the properties 
of the tangents to the equation of the curve. From 
the same equation it was able to determine the cur- 

^ ^ '' I consider mathematical quantities in this place not 
as consisting of small parts, but as described by a continued 
motion. Lines are described and thereby generated, not by 
the apposition of parts, but by the continued motion of 
points, superficies by the motion of lines," &c. — Qiuadrature 
ofCurveit, Introduction. 
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vature at etery point ; it could measare the length 
of any portion of the curve or the area correspond- 
ing to it. Nor was it only to algebraic curves that 
those applicationis of the calculus extended, but to 
curves transcendental and mechanical, as in the in- 
stances of the catenaria, the cycloid, the elastic 
curve, and many others. The same sort of re- 
search could be applied to curve surfaces described 
according to any given law, and also to the solids 
contained by them. 

The problems which relate to the maxima and 
minima^ or the greatest and least values of variable 
quantities, are among the most interesting in the 
mathematics ; they are connected with the highest 
attainments of wisdom and the greatest exertions 
of power ; and seem like so many immoveable co- 
lumns erected in the infinity of space, to mark the 
eternal boundary which separates the regions of 
possibility and impossibility from one another. For 
the solution of these problems, a particular provi- 
sion seemed to be made in the new geometry. 

When any function becomes either the greatest 
or the least, it does so by the velocity of its increase 
or of its decrease ceasing entirely, or, in the lan- 
guage of algebra, becoming equal to nothing. BAt 
when the velocity with which the function varies 
becomes notUng, the fluxion which is proportional 
to that velocity must become nothing also. There- 
fore, it is only, necessary to take the fluxion of the 

11 
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^ven functioiiy and, by suppoang it equal to no- 
thing, an equation will be obtained in finite ternu^ 
(for the fluxion will entirely disappear,) expressiiig 
the relation of the quantities when the functioii as- 
signed is the greatest or the least possible. 

Another kind of maximum or mimmnm, »- 
bounding also in interesting problems, is more dif« 
ficult by far than the preceding, and, when taken 
generaUy, seems to be only accessible to the new 
analysis. Such cases occur when the function of 
the variable quantities which is to be the greatest 
or the least is not given, but is itself the thing to 
be found ; as when it is proposed to determine the 
line by which a heavy body can descend in the 
least time from one point to another. Here the 
equation between the co-ordinates of the curve to 
be found is, of course, unknown, and the function 
of those co-ordinates which d^iotes the time of de- 
scent cannot, therefore, be algel»uically expressed, 
so that its fluxion cannot be taken in the ordinary 
way, and thus put equal to nothing. The fornix 
rule, then, is not applicable in such cases, and it is 
by no means obvious in what manner this diflSculty 
is to be overcome. The general problem exercis- 
ed the ingenuity of both the Bemoullis, as it has 
since done of many othor mathematicians of the 
greatest name. As there are in such problems 
always two conditions, accordii^ to the first oi 
which, a certain property is to remain constant, or 



i 
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to belong to all the individuals of the species^ and, 
according to the second, another property is to be 
the greatest or the least possible ; and as, in some 
of the simplest of such question^ * the constant 
quantity is the circumference or perimeter of a 
certain curve, so problems of this kind have had 
the name of Isoperimetrical given them, a term 
which has thus come to denote one of the most cu- 
rious and difficult subjects of mathematical investi* 
*gation. 

The new analysis, especially according to the 
view taken of Jt by Newton, is peculiarly adapted to 
physical researches, as the hypothesis of quantities 
being generated by continued motion, comes there 
to coincide exactly with the fact. The momentary 
increments or the fluxions represent so precisely 
the forces by which the changes in nature are pro« 
duced, that this doctrine seemed created for the 
express purpose of penetrating into the interior of 
things, and taking direct cognizance of those ani- 
mating powers which, by their subtility, not only 
^lude the observation of sense, but the ordinary 

* Tfae most simple problem of the ktnd is strictly and li* 
terally Isoperimetrical, viz. of all curves having the eaaio 
perimeter to find that which has the greatest area. £le« 
mentary geometry had pronounced this curve to be the circle 
long before there was any idea of an entire class of problems 
characterized by similar conditions. Vide Pappl Alexan- 
driai Collect. Math. Lib. V. Prop, jl, Stc 
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methods of geometrical invest^ation. The infi- 
nitesimal analysis alone affords the means of mea- 
suring forces, when each acts separately, and in- 
stantaneously under conditions that can be accu- 
rately ascertained. In comparing the effects of 
continued action, the vaiiety of time and circum- 
stance, and the continuance of eflfects after their 
causes have ceased, introduce so much uncertainty, 
that nothing hut vague and unsatisfactory conclu- 
sions can be deduced. The analysis of infinites 
goes directly to the point : it measures the intensi- 
ty or instantaneous ^K>rt of the force, and, of 
course, removes all those causes of uncertainty 
which prevailed when the results of canUnued ac- 
tion could alone be estimated. It is not even by 
the effects produced in a short time, but by effects 
taken in their nascent or evanescent state, that the 
true proportion of causes must be ascertained. 

Thus, though the astronomers had proved that 
the planets describe ellipses round the sun as the 
common focus, and that the line from the sun to 
each planet sweeps over areas proportional to the 
time ; had not the geometer resolved the elliptic 
motion into its primary elements, and compared 
them in their state of evanescence, it would never 
have been discovered that these bodies gravitate to 
the sun with forces which are inversely as the 
square of their distances from the centre of that lu- 
minary. Thus, fortunately, the first discovery of 
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Newton was the instranieiit which was to conduct 
hhn safely through all the intricacies of his future 
investigations* 

The calculus, as already remarked, necessarily 
divides itself into two branches ; one which, from 
the variable quantities, finds the relation of their 
fluxions or differentials ; another which, from the 
relation of these last, investigates the relation of 
the variable quantities themselves. The first of 
these problems is always possible, and, in general, 
easy to be resolved ; the second is not always pos- 
sible, and when possible, is often very difficult, but 
in various degrees, according to the manner in 
which the differentials and the variable quantities 
are combined with one another. 

If the function, into which the differential stands 
multiplied, consist of a single term, or an aggre- 
gate of terms, in each of which the variable quanti- 
ty is raised to a power expounded by a number po- 
sitive, negative, or fractional, the integration can be 
effected with ease, either in algebraic or l(^arithmic 
terms ; and the calculus had not been long known 
before this problem was completely resolved. 

The second case of this first division is, when 
the given function is a fraction having a binomial 
or multinomial denominator, the terms of which 
contain any powers whatever of the variable mag- 
nitude, but without involving the radical sign. If 
the denominator contain only the simple power of 
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the finable quantity, tlie integral is easOy foond 
by logarithuis ; if it be complex, it most be rsoIt. 
ed either into simple or quadratic diTiaors, which» 
grsntiiig the solution of equations^ is always possi- 
ble, at least by approzimatioD, and the given fiaop 
tion is then found equal to an aggr^ate of simple 
fractioDs, having these divison for their denomi- 
nators, and of which the fluents can always be exhi- 
bited in algebraic terms, or in terms of logarithms 
and drcttlar arches. This very general and im- 
portant problem was resolved by J. Bernoulli as 
early as the year 1702. 

The denominator is in this bst case supposed ra- 
tional ; but if it be irrational, the integration re- 
quires other means to be employed. Here Leib- 
nitz and Bernoulli both taught, how, by substitu- 
tions, as in Diopkantine problems, the irrationally 
might be removed, and the integration of course 
reduced to the former case. Newton employed a 
different method, and, in his Quadrature qfCurves^ 
found the fluents, by comparing the given fluxion 
with the fonnulas immediately derived from the 
expression of circular or hyperbolic areas. The 
integrations of these irrationid formula, whichever 
of the methods be employed, often admit of being 
effiscted with singular elegance and simplicity } but 
a general integration of all the formulae of this 
kind, except by approximation, is not yet within 
the power of analysis. 
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The second general division of the problem of 
integration, viz. when the two variable quantities 
and their differentials are mixed together on each 
side of the equation, is a more difficult subject of 
inquiry than the preceding. It may indeed hap* 
pen, that an equation, which at first presents itself 
under this a^ect, can, by the common rules of al* 
gebra, have the quantities so separated, that on 
each side of the sign of equality there shall be but 
one variable quantity with its fluxion ; and when 
this is done, the integration is reduced to one of 
the cases already enumerated. 

When such separation cannot be made, the pro- 
blem is among the most difficult which the infini* 
tesimal analysis presents, at the same time that it is 
the key to a vast number of interesting questions 
both in the pure and the mixed mathematics. The 
two Bemoullis applied themselves strenuously to 
the elucidation of it } and to them we owe all th^ 
best and most accurate methods of resolving such 
questions which appeared in the early history of 
the calculus, and which laid the foundation of so 
many subsequent discoveries. This is a fact which 
cannot be contested ; and it must be acknowledged 
also, that, on the same subject, the writings of the 
English mathematicians were then, as they con* 
tinue to be at this day, extremely defective. New- 
ton, though he had treated of this branch of the 
infinitesimal analysis with his usual ingenuity and 

VOL. II. u 
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depth, had done so only in his woik on Flua^kms^ 
which did not t^e the tight till several years after 
his death, when, in 1736, it appeared in Golson's 
trandation. But that woili, even had it come in- 
*to the hands of the puUic in the author's lifetime, 
would not have remedied the defeet of which I now 
speak. When the fluxionary equation could not 
be int^nited by the simplest and most elementary 
rules, Newton had ahrays recourse to approxima- 
tions by infinite series, in the contrivance of which 
he indeed displayed great ingenuity and address. 
But an approximation, let it be ever so good, and 
converge ever so rapidly, is always inferior to an 
accurate and complete solution, if this last possess 
any tolerable degree of simplicity. The series 
which affords the i^proximation cannot converge 
always, or in all states of the variable quantity ; 
and its utility, on that account, is so much limited, 
that it can hardly lead to any general result. Be- 
sides, it does not appear that these series can al- 
ways be made to involve the arbitrary or indetermi- 
nate quantity, without which no fluent can be con- 
sidered as complete. For these reasons, such ap- 
proximations should never be resorted to till every 
expedient has been used to find an accurate solu- 
tion. To this rule, however, Newton's method 
doea not conform, but employs approximation in 
caiBes where the complete integral can be obtained. 
The tendency of that method, therefore, however 
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great ite merit m other respects^ was to gire a di- 
Nctioil to research which was not always the best» 
and whiob» m many instances, made it fall eo^rely 
short of the object it oi^;ht to hare attained* It is 
tme, that many fluxionary equations cannot be in- 
tegrated in any other way j but by baring recourse 
to it indiscriminately, we overlook the cases in 
which the integral can be exactly assigned. Ac^ 
cordii^Iy, Bernoulli, by following a different pro« 
oess, remarked entire classes of fluxionary or dif' 
ferential equations, that admitted of aacurate in- 
t^ration. Thus he found, that differential e^pUN 
tions, if homogeneous, * however complicated, may 
always have the variable quantities separated, so as 
to come under one of the simpler, forms already 
enumerated. By the introduction, also, of expo* 
nential equations, which had been considered in 
England as of little use, he materially improved 
this branch of the calculus. 

To all these branches of analy^ we have stiU 
another to add of indefinite extent, arising out of 
the consideration of the fluxions or differentials of 
.the higher orders, each of tl^se orders being de^ 
duced from the preceding, just as first fluxions are 
from the variable quantities to which they belong. 
*   »  ...  , ■■.. . Ill 

* Homogeneous equaticHis in the diiferentia] calculus are 
those in which the sum of the exponents of the variable 
quantities is the same in all the terms. 
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To ondentand thisy conceive the succefBiTe values 
of the first fluxions of any variable quantity, to cob* 
stituCe a new series of variable quantities flov?ing 
with velocities, the measures of which form the 
fluxions of the second order, from which, in the 
same manner, are deduced fluxions of the third and 
of still higher orders. The general principles are 
the same as in the fluxions of the first order, but 
the difficulties of the calculus are greater, partico* 
laiiy in the integrations ; for to rise finom second 
fluxions to the variable quantities themselves two 
int^rations are necessary ; from third fluxion! 
tjiree, and so on. 

The tract which first made known the new ana* 
lyms was that of Leibnitz, publidied, as already re* 
marked, in the first volume of the Acta Eruditorum 
for 1684, where it occupies no more than six pages,* 
and is the work of an author not yet become very 
fiuuiliar with the nature of his own invention. It 
was sufficient, however, to explain that invention 
to mathematicians ; but, nevertheless, some years 
elapsed before it drew much attention. The Ber- 
noullis were the first who perceived its value, and 
made themselves masters of the principles and me- 
thods contained, or rather suggested, in it* Leib- 
nitz published many other papers in the Jcta Eru- 

• Nova Methodua pro Maxiniis et Minimis, &c. Leibnitii 
Opera, Tom. III. p. 167. 
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ditorum and the journals of the times, full of ori- 
^nal views and important hints, thrown out very 
briefly, and requiring the elucidations which his 
friends just mentioned were always so willing and 
so able to supply. The' number of literary and 
scientific objects which divided the attention of the 
author himself was so great, that he had not time 
to bestow on the illustration and developement of 
the most important of his own discoveries, and the 
new analysis, for all that he has taught, would have 
been very little known, aud very imperfectly un^ 
folded, if the two excellent geometers just named 
bad not come to his assistance. Their tracts were 
also, like his, scattered in the diifereot periodic 
works of that time, and several years elapsed before 
any elementary treatise explained the general me- 
diods, and illustrated them by examples. The first 
book in which this was done, so far at least as con- 
cerned the differentia] or direct calculus, was the 
Analyse des Infiniment Petits of the Marquis de 
THdpital, published in I696, a work of great me- 
rit, which did much to diflPuse the knowledge of the 
new analysis. It was well received at that time, and 
has maintained its character to the present day. 
The author, a man of genius, inde&tigable and ar- 
dent in the pursuit of science, had enjoyed the tma 
voce instructions of John Bemoulii, on the subject 
of the new geometry, and therefore came forward 
with every possible advantage. 
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It was long after this before the works of the Ber- 
noullis were collected together, those of James in 
two quarto volumes, and of John in four. * In the 
third of these last volumes is a tract of considerable 
length, with the title of Lectiones de Methodo In* 
tegralium, written in I69I and 1692, for the use 
of M. de PHdpital, to whose book on the differen- 
tial calculus it seems to have been intended as a se* 
quel. It is a work of great merit ; and afifords a 
distinct view of many of the most general methods 
of integration, with their application to the most in- 
teresting problems ; so that, though the earliest 
treatise on that subject, it remains at this day one of 
the best compends of the new analysis of which the 
mathematical world is in possession. Indeed, the 
whole of the volumes just referred to are highly in- 
teresting, as containing the original germs of the 
new analysis, and as being the woric of men always 
inspired by genius, sometimes warmed by opposition, 
and generally animated by the success which accom- 
panied their researches. 

But we must now look at the original works of 
the earliest inventor. Newton, besides his letters 
published in the Commercium Epistolicum, is the 
author of three tracts on the new analysis that have 
all been occasionally mentioned. None of them, 

bqwever, appeared nearly so soon as a great num- 

• . .. , ^ 

* Those of James were published at Geneva in 1 744 ; of 
John at Lausanne and Geneva in 1742. 
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ber of the pieces which haye just been enumeratecL 
The Quadrature of Curves^ written as early as 
1665 or 1 666, did not appear till 1704 ; and 
though it be a treatise of great value, and contain- 
ing very important and very general theorems con- 
cerning the quadrature of curves, it must be allow- 
ed, that it is not well adapted to make known the 
spirit and the views of the infinitesimal analysis* 
After a short introduction, which is indeed ana- 
lytical, and which explains the idea of a fluxion with 
great brevity and clearness, the treatise sets out 
with proposing to find any number of curves that 
can be squared } and here the demonstrations be- 
come all synthetical, without any thing that may be 
properly called analytical investigation. By sjrnthe- 
tical demonstrations I do not mean reasonings where 
the algebraic language is not used, but reasonings, 
whatever language be employed, where the solution 
of the proposed question is first laid down, and a£i 
terwards demonstrated to be true. Such is the me-* 
thod pursued throughout this work, and it is won- 
derful how many valuable conclusions concerning 
the areas of curves, and their reduction to the areas 
of the circle and hyperbola, are in that manner de^ 
duced. But though truths can be very well con- 
veyed in the synthetical way, the methods of inves- 
tigating truth are not communicated by it, nor the 
powers of invention directed to their proper objects. 
As an elementary treatise on the new analysis, the 
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Qaadrature of Curves is therefore imperfect, and 
not calculated, without great study, to give to others 
any portion of the power which the author himself 
has exerted. The problem of finding fluents, 
though it be that on which the whole quadrature 
of curves depends, is entirely kept out of view, and 
never once proposed in the course of a work, which, 
at the same time, is full of the most elaborate and 
profound reasonings. 

Newton had a great fondness for the synthetical 
method, which is apparent even in the most analy- 
tical of his works. In his Fluxions, when he is 
treating of the quadrature of curves, he says, <' Af- 
ter the area of a curve has been found and con- 
structed, we should consider about the demonstra- 
tion of the construction, that, laying aside all alge- 
braical calculation, as much as may be, the theorem 
may be adorned and made elegant, so as to become 
fit for public view/*  This is followed by two or 
three examples, in which the rule here given is 
very happily illustrated. When the analysis of a 
problem requires, like the quadrature of curves^, 
the use of the inverse method of fluxions, the re- 
version of that analysis, or the synthetical demon- 
stration, must proceed by the direct method, and 
therefore may admit of more simplicity than the 



• Newton's Fluxions, Colson's Translation, p. 11 6, f 
107. 
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others, so as, in the language of the above pasn^e, 
to be easily adorned and made elegant. 

The book of Fluxions is, however, an excellent 
'work, entering very deeply into the nature and 
spirit of the calculus, — illustrating its application 
by well chosen exaniples,«»-and only failing, as al- 
ready said, by having recourse, for finding the 
fluents of fluxionary equations, too exclusively to 
the method of series, without treating of the cases 
in which exact solutions can be obtained. 

Of the works that appeared in the early stages 
of the calculus, none is more entitled to notice than 
the Harmonia Mensurarum of Cotes. The idea 
of reducing the areas of curves to those of the 
circle and hyperbola, in those cases which did not 
admit of an accurate comparison with rectilineal 
spaces, had early occurred to Newton, and was very 
fully exemplified in his Quadrature of Curves. 
Cotes extended this method : — his work appeared 
in 1722, and gave the rules for finding the fluents 
of fractional expressions, whether rational or irra* 
tional, greatly generalized and highly improved by 
means of a prc^rty of the circle discovered by 
himself, and justly reckoned among the most re^ 
markable propositions in geometry. It is singtdar 
that a work so profound, and so useful as the 
Harmonia Mensurarum, should never have acquir- 
ed, even among the mathematicians of England, 
the popularity which it deserves ; and that, on the 
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Continent, it should be very little known, even af- 
ter the excellent commentary and additions of 
Bishop Walmsley. The reasons, perhaps^ are, 
that, in many parts, the work is obscure ; that it 
does not explain the analysis which must have led 
to the formulcB contained in the tables ; and that 
it employs an unusual language and notation, which, 
though calculated to keep in view the analogy be- 
tween circular and hypefbolic areas, or between 
the measures of angles and of ratios, do not so 
readily accommodate themselves to the business of 
calculation as those which are commonly in use« 
Demoivre, a very skilful and able mathematician, 
improved the method of Cotes j and explained 
many things in a manner much more clear and 
analytical than had hitherto been done. * 

Another very original and profound writer of 
this period was Brook Taylor, who has already 
been often mentioned, and who, in his Method of 
Increments* published in 17-1^* added a new 
branch to the analysis of variable quantity. Ac- 
cording to this method, quantities are supposed to 
change, not by infinitely small, but by finite incre- 
ments, or such as may be of any magnitude what* 
ever. There are here, therefore, as in the case of 



* Demoivre^ Miscellanea Analytica. See also the work 
of an anonymous author^ Epistola ad Amicum de Cotesii 
tnventis* 
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fluxions or differentials, two general questions: 
A function of a variable quantity being given, to 
find the expression for the finite increment of that 
fiinction, the increment of the variable quantity it- 
self being a finite magnitude. This corresponds 
to the direct method oi^fluxions ; the other ques- 
tion corresponds to the inverse, viz. A function 
being given containing variable quantities, and 
their increments any how combined, to find the 
function from which it is derived. The authoi* 
has considered both these problems, and in the so- 
lution of the second, particularly, has displayed 
much address. He has also made many ingenious 
applications of this calculus both to geometrical 
and physical questions, and, above all, to the sum- 
mation of series, a problem for thie solution of which 
it is peculiarly adapted. 

Taylor, however, was more remarkable for the 
ingenuity and depth, than for the perspicuity of 
his writings ; even a treatise on Perspective, of 
which he is the author, though in other respects 
excellent, has always been complained of as ob- 
scure ; and it is no wonder if, on a new subject, 
and one belonging to the higher geometry, his 
writings should be still more exposed to that re-* 
proach. This fault was removed, and the whole 
theory explained with great clearness, by M. Nicol, 
of the Academy of Sciences of Paris, in a series of 
Memoires from the year I717 to 1727* 
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A angle analytical formula in the Method ^ 
Increments has conferred a celebrity on its author* 
which the most voluminous works have not often 
been able to bestow. It is known by the name of 
Taylor's Theorem, and expresses the value of any 
function of a variable quantity in terms of the suc- 
cessive orders of increments, whether finite or in- 
finitely small. If any one proposition can be said 
to comprehend in it a whole science it is this : for. 
from it almost every truth and every method of the 
new analysis may be deduced. It is difficult to say, 
whether the theorem does most credit to the ge^* 
nius of the author, or the power of the language 
which is capable of concentrating such a vast body 
of knowledge in a single expression. Without an 
acquaintance with algebra, it is impossible, I be- 
lieve, to conceive the manner in which this efiect 
is produced. 

By means of its own intrinsic merit, and the ad- 
vantageous display of it made in the works now 
enumerated, the new analysis, long before the ex- 
piration of the period of which I am here treating, 
was firmly established all over Europe. It did not, 
however, exist everywhere in the same condition, 
nor under the same form ; with the British and 
Continental mathematicians, it was referred to dif- 
ferent origins ; it was in different states of advance- 
ment ; the notation and some of the fundamental 
ideas were also different. The authors communi- 
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ealed little with one another^ except in the way ef 
defianoe or reproach; and, from the angry or po^ 
lemical tone which their speculations often assumed^ 
one could hardly suppose, that they were pursuing 
science in one of its most abstract and incorpored 
forms* 

Though the algorithm employed, and the books 
consulted on the new analysis, were different, the 
mathematicians of Britain and of the Continent 
had kept pace very nearly with one another during 
the period now treated of, except in one branchy 
the integration of differential or of fluxional equa- 
tions. In this, our countrymen had fallen con* 
siderably behind, as has been already explained | 
and the distance between them and their brethren 
on the Continent continued to increase, just in 
pn^rticm to the number and importance of the 
^foestions, physical and mathematical, which wece 
found to depend on these integrations. The hai- 
bit of studying only our own authors on these sub»> 
jects, produced at first by our admiration of News* 
ton and our dislike to his rivals, and increased by a 
circumstance very insigiitf cant in itself, the diveru 
sity of notation, prevented us from partaking in the 
pursuits of our neighbours ; and cut us off in a 
great measure from the vast field in which the ge- 
nius of France, of Germany, and Italy, was eser- 
cised with so much activity and success. Other 
causes may have united in the production of an ef- 
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feet, which the matheinaticians of this country hare 
had much reason to regret ; but the evil had its 
origin in the spirit of jealousy and oppoitti0ii« 
which arose from the controverues that have jost 
passed under our review. The habits so produced 
continued long after the spirit itself had subsided. 

It nnist not be supposed, that so gr€si a revolu- 
tion in science, as that which was made by the in<i 
troduction of the new analysis, could be brought 
about entirely without opposition, as in every 90* 
ciety there are some who think themselves interest- 
ed to maintain things in the condition wherein they 
have found them^ The consideratioils are indeed 
sufficiently obvious, which, in the moral and poli^ 
tical world, tend to produce this effect, and to give 
a stability to human institutions, often so little pro* 
portionate to their real value or to their general 
utility^ Even in matters purely intellectual, and 
in which the abstract truths of arithmetic and geo* 
metry seem alone concerned, the prejudices, the 
selfishness, or vanity of those who pursue them, not 
anfrequently combine to resist improvement, and 
often engage no inconsiderable degree of talent in 
drawing back instead of pushing forward the ma- 
chine of science. The introduction of methods en- 
tirely new must often change the relative place of 
Ae men engaged in scientific pursuits ; and must 
oUige many, after descending from the stations 
they formerly occupied, to take a lower position in 
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the scale of mtellectaal adTancement. Hie enmity 
of such men, if they be not animated by a spirit of 
real candour and the love of truth, is likely to be 
directed against methods, by which their vanity is 
mortified, and their importance lessened. Though 
such changes as this must have everywhere accom* 
panied the ascendancy acquired by the calculus, for 
the credit of mathematicians it must be observed, 
that no one of any considerable eminence has had 
the misfortune to enrol his name among the adver- 
saries of the new science ; and that Huygens, the 
most distinguished and most profound of the older 
mathematicians then living, was one of the most 
forward to acknowledge the excellence of that 
science, and to make himself master of its rules, and 
of their application. 

Nevertheless, certain adversaries arose succes- 
sively in Germany, France, and England, the 
countries in which the new methods first became 
known« 

Nieuwentyt, an author commendable as a natU'- 
ralist, and as a writer on morals, but a very super- 
ficial geometer, aimed the first blow at the Differ'- 
ential Calculus. He objected to the explanation of 
Leibnitz, and to the notion of quantities infinitely 
smalL * It seemed as if he were unwilling to be^ 



* He published Analysis Irifiniierum at Amsterdam^ in 
1695 ; and another tracts Consideraliones cirea Calculi Differ* 
entialis Principia, in the year following. This last was an- 
swered by Herman. 
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Keve in the reality of objects smaller than those 
discoirered by his own microscope^ and were jealous 
of any one who should come nearer to the limit of 
extension than he himself had done. Leibnika 
thought his objections not undeserving of a reply ; 
but the reply was not altogether satisfiMStory. A 
second was given with better success ; and after- 
wards Herman and Bernoulli each severally defeat- 
ed an adversary, who was but very ill able to con- 
tend with either of them. 

Soon after this, the calculus had to sustain an at- 
tack from two French academician^^ which drew 
more attention than that of the Dutch naturalist. 
One of these, Rolle^ was a mathematician of no in- 
considerable acquirement, but whose chief gratifica- 
tion consisted in finding out faults in tlie works of 
others. He founded his objections to the di£Eeren- 
tial calculus, not on the sdare of principles or of ge- 
nanal methods, but on certain cases which he had 
sought out with great industry, in which those me- 
thods seemed to him to lead to false and contradic- 
tory conclusions. On examination, however, it 
turned out, that in every one of those instances the 
error was entirely his own > that he had misapplied 
the rules, and that his eagerness to discover faults 
had led him to commit them. His errors were de- 
tected and pointed out with demonstrative evidence 
by Varignon^ Saurin, and some others, who were 
among the first to perceive the excellence and to 
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defend the solidity of the new geometry. These 
disputes were of consequence enough to occupy the 
attention of the Academy of Sciences during a great 
part of the year I7OI. 

The Abb6 Gallois joined with RoUe in his hos- 
tility to the calculus, and though he added very lit- 
tle to the force of the attack, he kept the field after 
the other had retired from the combat. Fontenelle, 
in his iloge on the Abbe, has given an el^ant 
turn to the apology he makes for him. — *' His taste 
for antiquity made him suspicious of the geometry 
of infinites. He was, in general, no friend to any 
thing that was new, and was always prepared with 
a kind of Ostracism to put down whatever appear* 
ed too conspicuous for a free state like that of let- 
ters. The geometry of infinites had both these 
faults, and particularly the latter/' 

Ailer all these disputes were quieted in France, 
and the new analysis appeared completely victori- 
ous, it had an attack to sustain in England from a 
more formidable quarter.- Berkeley Bishop of 
Cloyne was a man of first-rate talents, distinguish- 
ed as a metaphysician, a philosopher, and a divine. 
His geometrical knowledge, however, which, for an 
attack on the method of fluxions, was more essen* 
tial than all his other accomplishments, seems to 
have been little more than elementary. The motive 
which induced him to enter on discussions so re<f 

VOL. II. % 
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motely connected with his usual pursuits has been 
Tariously represented ; but, whatever it was, it gave 
rise to the Analyst, in which the author professes 
to demonstrate, that the new analysis is inaccurate 
in its principles, and that, if it ever lead to true 
conclusions, it is from an accidental compensation 
of errors that cannot ^ supposed always to take 
place. The argument is ingeniously and plausibly 
conducted, and the author sometimes attempts ridi- 
cule with better success than could be expected 
from the subject; thus, when he calls ultimate 
ratios the ghosts of departed quantities^ it is not 
easy to conceive a witty saying more happily fasten- 
ed on a mere mathematical abstraction. 

The Analyst was answered by Jurin, under the 
signature of Philalethes ; and to this Bei^eley re* 
plied in a tract entitled A Defence of Freethinking 
in Mathematics. Replies were again made to this, 
so that the ailment assumed the form of a regu- 
lar controTersy ; in which, though the defenders 
of the calculus had the advantage, it must be ac- 
knowledged that they did not always argue the 
matter quite fairly, nor exactly meet the reasoning 
of their adversary. The true answer to Berkeley 
was, that what he conceived to be an accidental 
compensation of errors was not at all accidental, 
but that the two sets of quantities that seemed to 
him neglected in the reasoning were in all cases 
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necessarily equal, 'and an exaet balance fbr one 
another. The Newtonian idea of a fluxion con- 
tained in it this truth, and so it was argtied by 
Jurin and others, but not in a manner so logical 
and satisfactory as might have been expected. 
Perhaps it is not too much to assert, that this was 
not completely done till La Grange's Theory of 
Functions appeared. Thus, if the author of the 
Analyst has had the misfortune to enrol his name 
on the side of error, he has also had the credit of 
proposing difficulties of which the complete solution 
is only to be derived from the highest improvements 
of the calculus. 

This controversy made some noise in England, 
but I do not think that it ever drew much atten- 
tion on the Continent. The Analyst, I imagine, 
notwithstanding its acuteness, never crossed the 
Channel. Montucla evidently knows it only by 
report, and seems as little acquainted with the 
work as with its author, of whom he speaks very 
slightly, and supposes he has sufficiently described 
him by sayings that he has written a book against 
the existence of matter, and another in praise of 
tar-water. But it is less from the opinions which 
men support than from the manner in which they 
support them, that their talents are to be estimated. 
If we judge by this criterion, we shall pronounce 
Berkeley to be a man of genius, whether he be 



324 MATHEMATICAL AND 

employed in attacking the infinitesimal analysis, in 
diqiroving the existence of the external Mrorld, or 
in celebrating the virtues of tar*water. * 



* Though Berkeley reasons very plausibly^ and with con- 
siderable address, he hurts his cause by the comparison so 
often introduced between the mysteries of religion and what 
he accounts the mysteries of the new geometry. From this 
it is natural to infer^ that the author is avenging the cause 
of religion on the infidel mathematician to whom his treatise 
is addressed^ and an argument that is suspected to have any 
other object than that at which it is directly lumed, must aU 
ways lose somewhat of its weight. 

The dispute here mentioned did not take place till about 
the year 1734 ; so that I have here treated of it by anticipa- 
tion^ being unwilling to resume the subject of controversies 
which^ though perhaps useful at first for the purpose of se- 
curing the foundations of science, are long since set to rest, 
and never likely to be revived- 



'wmi 
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Section II. 

MECHANICS, GENERAL PHYSICS, Ac* 

The discoveries of Galileo, Descartes, and other 
mathematicians of the seventeenth century, had 
made known some of the most general and import- 
iant laws which regulate the phenomena of moving 
bodies. The inertia, or the tendency of body, 
when left to itself, to preserve unchanged its con* 
dition either of motion or of rest ; the e£fect of an 
impulse communicated to a body, or of two simuU 
taneous impulses, had been carefully examined, and 
had led to the discovery of the composition of mo- 
tion. The law of equilibrium, not in the lever 
alone, but in all the mechanical powers, had been 
determined, and the equality of action to reaction, 
or of the motion lost to the motion acquired, had not 
only been established by reasoning, but confirmed 
by experiment. The fuller elucidation and farther 
extension of these principles were reserved for the 
period now treated of. 

The developement of truth is often so gradual, 
that it is impossible to assign the time when cer- 
tain principles have been first introduced into 
science. Thus, the principle of Virtual Velcor 
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tieSj as it is termed, which is now recc^ized as re- 
gulating the equilibrium of all machines whatso- 
ever, was perceived to hold in particular cases long 
before its full extent, or its perfect universality, 
was understood. Galileo made a great step to- 
ward the establishment of this principle when he 
generalized the property of the lever, and showed, 
that an equilibrium takes place whenever the sums 
of the opposite mamenta are equal, meaning by 
momentum the product of the force into the velo- 
city of the point at which it is applied. This was 
carried farther by Wallis, who appears to have been 
the first writer who, in his Mechanica, published 
in I669t founded an entire system of statics on 
the principle of Galileo, or the equality of the op- 
posite momenta. The proposition^ however, was 
first enunciated in its full generality, and with 
perfect precision, * by John Bernoulli, in a letter 



* The principle of Virtual Velocities may be thus enunciate 
ed:— If a system of bodies be in a state of equilibrium, in ccm- 
■equenoeof the action (tfanyforoes whatever^on c^tain points 
in the system ; then were the equilibrium to be for a moment 
destroyed, the small space moved over by each of these 
points will express the virtual velocity of the power applied 
to it, and, if each force be multiplied into its virtual veloci- 
ty, the sum of all the products where the velocities are in 
the same direction, will be equal to the sum of all those in 
which they are in the opposite. 

The distinction between actual and virtual velocities was 
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to Varignon^ so late as the year 1717* Varignon 
inserted this letter at the end of the second edi* 
tion of his Projet d*une Nouvelle M^nique» 
which was not published till 17S5. The first edi- 
tion of the same book appeared in l687i and had 
the merit of deriving the whole theory of the equi- 
librium of the mechanical powers^ from the single 
principle of the composition of forces. At first 
sight there appear in mechanics two independent 
principles of equilibrium, that of the lever, or of 
equal and opposite momenta, and that of the com- 
position of forces. To show that these coincide, 
and that the one may be deduced from the other, 
is, therefore, doing a service to science, and this 
the ingenious author just named accomplished by 
help of a property of the parallelogram, which he 
seems to have been the first who demonstrated* 

The Principia Mathematica of Newton, publish- 
ed also in 1687} marks a great era in the history 
of human knowledge, and had the merit of effect- 
ing an almost entire revolution in mechanics, by 
giving new powers and a new direction to its re^ 
searches. In that work the composition of forces 
was treated independently of the composition of 
motion, and the equilibrium of the lever was de- 

first made by Bernoulli^ and is very essential to thinking 
as well as to speaking with accuracy on the nature of equi- 
libriums. 
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duced from the former, as well as in the treatise 
already mentioned. From the equality of action 
and re-action it was also inferred, that the state of 
the centre of gravity of any system of bodies, is 
not changed by the action of those bodies on one 
another. This is a great proposition m the me* 
chanics of the universe, and is one of the steps by 
which that science ascends from the earth to the 
heavens; for it proves that the quantity of mo- 
tion existing in nature, when estimated in any one 
given direction, continues always of the same 
amount. 

But the new applications of mechanical reason- 
ingi-^the reduction of questions concerning force 
and motion to questions of pure geometry, — and 
the mensuration of mechanical action by its nas- 
cent effects, — are what constitute the great glory 
of the Principia, considered as a treatise on the 
theory of motion. A transition was there made 
from the consideration of forces acting at stated 
intervals, to that of forces acting continually, — 
and from forces constant in quantity and direction 
to those that converge to a point, and vary as any 
function of the distance from that point ; the pro- 
portionality of the areas described about the cen- 
tre of force, to the times of their description ; the 
equality of the velocities generated in descending 
through the same distance by whatever route ; 
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the relation between the squares of the velocities 
produced or extinguished, and the sum of the ac- 
celerating or retarding forces, computed with a re- 
ference, not to the time during which, but to the 
distance over which they have acted. These are a 
few of the mechanical and dynamical discoveries 
contained in the same immortal work; a fuller 
account of which belongs to the history of phjrsical 
astronomy. 

The end of the seventeenth and the be^nning 
of the eighteenth centuries were rendered illus- 
trious, as we have already seen, by the mathemati- 
cal discoveries of two of the greatest men who have 
ever enlightened the world. A slight sketch of 
the improvements which the theory pf mechanics 
owes to Newton has been just given ; those which 
it owes to Leibnitz, though not equally important, 
nor equally numerous, are far too conspicuous to 
be passed over in silence. So far as concerns ge- 
neral principles they are reduced to three, — the 
argument of the sufficient reason,— the law of con- 
tinuity, — ^and the measurement of the force of 
moving bodies by the square of their velocities ; 
which last, being a proposition that is true or false 
according to the light in which it is viewed, I have 
supposed it placed in that which is most £ivour- 
able. 

With regard to the first of these,— */Ae principle 
of the stffficient reason j-^according to which no- 
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thing exists in any state without a reason determin- 
ing it to be in that state rather than in any other, 
— ^though it be true that this proposition was first 
distinctly and generally announced by the philoso- 
pher just named, yet is it certain that, long before 
his time, it had been employed by others in laying 
the foundations of science. Archimedes and Ga- 
lileo had both made use of it, and, perhaps, there 
never was any attempt to place the elementary 
truths of science on a solid foundation in which 
this principle had not been employed. We have 
an example of its application in the proof usually 
given, that a body in motion cannot change the 
direction of its motion, abstraction being made 
from all other bodies, and from all external action ; 
for it is evident, that no reason exists to determine 
the change of motion to be in one direction more 
than another, and we therefore conclude, that no 
such change can possibly take place. Many other in- 
stances might be produced where the same princi- 
ple appears as an axiom of the clearest and most 
undeniable evidence. Wherever, indeed, we can 
pronounce, with certainty, that the conditions 
which determine two different things, whether 
magnitudes or events, are in two cases precisely 
the same, it cannot be doubted that these events 
or magnitudes are in all respects identical. 

However sound this principle may be in itself, 
the use which Leibnits sometimes made of it has 
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teaded to bring it into discredit* He ai^ed, 
6ft example, that of the particles of matter no two 
can possess exactly the same properties, or .can 
perfectly resonble one another, otherwise the Su- 
preme Being could have no reason for employing 
one of them in a particular position more than 
another, so that both must necessarily be rejected. 
To ai^e thus, is to suppose that we completely 
understand the manner in which motives act on 
the mind of the Divinity, * a postulate that seems 
but ill suited to the limited sphere of the human 
understanding. But, if Leibnitz has misapplied 
his own principle, and extended its authority too 
ftr, this afibrds no ground for rejecting it when 
we are studying the ordinary course of nature, and 
arguing about the subjects of experiment and ob- 
servation. In fact, ther^ore, the sdenoes which 
aspire to place their foundation on the solid basis of 
necessary truth, are much indebted to Leibnita 
for the introduction of this principle into philo- 
sophy. 

• The argument a£ LeibniU seems evidently mQan<;lii^ 
sive* For, though there were two similar and equal atoms^ 
yet as they could not co-exist in the same space, they 
would not, as far as position is concerned, bear the same 
vdatioA to the particles that surrounded them ; there might 
exist* therefore, considering them as part of the materials to 
be employed in the construction of the universe, very good 
reas<ms for assigning different situations to each. 

11 



392 MATHEMATICAL AND 

Another principle of great use in inTes^ating 
the laws of motion, and of change in general, was 
brought into view by the same author,-— */Ae law qf 
Ckmtinuitjff — ^acoording to which, nothing passes 
from one state to another without passing throo^ 
all the intermediate states. Leibnitz considers 
himself as the first who made known this law ; but 
it is fair to remark, that, in as much as motion is 
concerned, it was distinctly laid down by Galileo,* 
and ascribed by him to Plato. But, though Leib- 
nitz was not the first to discover the law of conti- 
nuity, he was the first who regarded it as a prin- 
ciple in philosophy, and used it for trying the con- 
sistency of theories, or of supposed laws of nature, 
and the agreement of their parts with one ano- 
ther. It was in this way that he detected the er- 
ror of Descartes's conclusions concerning the col- 
lision of bodies, showing, that though one case of 
collision must necessarily graduate into another, • 
the conclusions of that philosopher did by no 
means pass from one to another by such gradual 
transition. Indeed, for the purpose of such de- 
tections, the knowledge of this law is extremely 
useful ; and I believe few have been much occu- 
pied in the investigations either of the pure or 
mixed mathematics, who have not often been glad 



• Opere di Galiieo, Tom. III. p. 150^ and Tom. II. p. 32. 
Ediz. di Padova^ 1744t. 
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tb try their own conclusions by the test which it 
Aimisbes. 

Leibnitz considered this principle as known a 
priorij because if any saltus were to take place, 
that isl, if any change were to happen without the 
intervention of time, the thing changed must be 
in two different conditions at the same individual 
instant, which is obviously impossible. Whether 
this reasoning be quite satisfactory or not, the con- 
formity of the law to the facts generally observed, 
cannot but entitle it to great authority in judging 
of the explanations and theories of natural pheno- 
mena* 

It was the usual error, however, of Leibnitz and 
his followers, to push the metaphysical principles of 
science into extreme cases, where they lead to con- 
clusions to which it was hardly possible to assent. 
The Academy of Sciences at Paris having propos- 
ed as a prize question, the Investigation of the 
Laws of the Communication of Motion, * John 
Bernoulli presented an Essay on the subject, very 
ingenious and profound, in which, however, he de- 
nied the existence of hard bodies, because, in the 
collision of such bodies, a finite change of motion 
must take pl&ee in an instant, an event which, on 
the principle just explained, he maintained to be 
impossible. Though the Essay was admired, this 

* In 1724. 
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eoDclusion wag objected to* and IVAlembert^ m 
his eloge on the author, remarks, that, even in 
the collision of dastic' bodies, it is difficult to con- 
ceiye how, among the parts which first come into 
contact, a sudden change, or a change per salhtm^ 
can be avoided. Indeed, it can only be avoided 
by supposing that there is no real . contact, and 
that bodies begin to act upon one another when 
their surfaces, or what seems to be their surfaces, 
are yet at a distance* 

Madaurin and some others are disposed, on ac- 
count of the argument of Bernoulli, to reject the 
law of continuity altogether. This, however, I 
cannot help thinking, is to deprive ourselves of an 
auxiliary that, under certain restrictions, may be 
very useful in our researches, and is often so, even 
to those who profess to reject its assistance. It is 
admitted that the law of continuity generally leads 
right, and if it sometimes lead wrong, the true 
business of philosophy is to define when it may be 
trusted to aa a safe guide, and what, on the other 
hand» are the circumstances which render its indi- 
cations uncertain. 

The discourse of Bernoulli, just referred to^ 
brought another new conclusion into the field, and 
began a controversy among the mathematiciims of 
Europe, which lasted for many years. It was a 
new thing to see geometers contending about the 
truths of their own science, and opposing one de- 



1 
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« 

monstnition to aDother. The spectacle murt have 
given pain to the true philosopher, but may have 
affi)rded consolation to many who had looked with 
envy on the certainty and quiet prevailing in a re* 
gion from which they found themselves excluded* 

Descartes had estimated the force of a moving 
body by the quantity of its motion, or by the pro- 
duct of its velocity into its mass. The mathemati- 
cians and philosophers who followed him did the 
same, and the product of these quantities was the 
measure of force universally adopted. No one, in- 
deed, had ever thought of questioning the conform- 
ity of this measure to the phenomena of nature» 
when, in 1686, Leibnitz announced in the Leipsic 
Journal^ the demonstration of a great error com- 
mtted by Descartes and others^ in estimating the 
force of moving bodies. In this paper, the author 
endeavoured to show, that the force of a moving 
body is not proportional to its velocity simply, 
but to the square of its velocity, and he sup- 
ported this new doctrine by very plausible refr* 
soning. A body, he says, projected upwaid 
against gravity, with a double velocity, ascends to 
four times the height ; with the triple velocity, to 
nine times the height, and so on ; the height as- 
cended to being always as the square of the veloci- 
ty. But the height ascended to is the efiect, and 
is the natural measure of the force, therefore the 
force of a moving body is as the square of its velo- 
city. Such was the first reasoning of Leibnitz on 
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this subject,— simple, and a^iarently conclusive ; 
nor should it be foi^otten that, during the long pe- 
riod to which the dispute was lengthened out, and 
notwithstanding the various shapes which it a»« 
sumed, the reasonings on his side were nothing 
more than this original argument, changed in its 
form, or rendered more complex by the combination 
of new circumstances, so as to be more bewildering 
to the imagination, and more difficult either to ap* 
prehend or to refute. ^ 

John Bernoulli was at first of a different opinion 
from his friend and master, but came at length to 
adopt the same, which, however, appears to have 
gone no farther till the discourse was submitted to 
the Academy of Sciences, as has been already men* 
tioned. The mathematical world could not look 
with indiffereqce on a question which seemed to 
affect the vitals of mechanical science, and soon se* 
parated into two parties, in thearrangement of which, 
however, the eifects of national predilection might 
easily be discovered. Germany, Holland, and 
Italy, declared for the vis viva; England stood 
firm for the old doctrine ; and France was divided 



* To mere pressure^ Leibnitz gave the name of t^ mmiua, 
and to the force of moving bodies the name of vis viva. The 
former he admitted to be proportional to the simple power 
of the virtual velocity, and the second he held to be proper-* 
tional to the square of the actual velocity. 
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between the two opinions. No controversy, per- 
haps, was ever carried on by mpre illustrious dispu- . 
tants ; Maclaurin, Stirling, Desaguliers, Jurin, 
Clarke, Mairan, were all engaged on the one side* 
and on the opposite were ^moulli, Herman, Fo 
leni, S'Gravesende, Muschenbroek j and it was 
not till long afler the period to which this part of, 
the Dissertation is confined, that the debate could 
be said to be brought to a conclusion. That I may 
not, however, be obliged to break off a subject of 
which the parts are closely connected together, I 
shall take the liberty of transgressing the limits 
which the consideration of time would prescribe^ 
and of now stating, as far as. my plan admits of it, 
all that respects this celebrated controversy. 

A singular circumstance may be remarked in the 
whole of the dispute. The two parties who adopt- 
ed such different measures of force, when any me- 
chanical problem was proposed concerning the ac- 
tion of bodies, whether at rest or in motion, resolv- 
ed it in the same manner, and arrived exactly at 
the same conclusions. It was therefore evident, 
that, however much their language and words were 
opposed, their ideas or opinions exactly agreed. 
In reality, the two parties were not at issue on the 
question ; their positions, though seemingly oppo- 
site, were not contrary to one another ; and afler 
debating for nearly thirty years, they found out 
this to be the truth. That the first men in the 

VOL. II. Y 
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scientific world should have disputed so bug with 
one another^ without discovering that their opposU 
tion was only in words, and that this should have 
happened, not in any of the obscure and tortuous 
tracts through which the human mind must grope 
its way in anxiety and doubt, but in one of the 
clearest and straightest roads, where it used to be 
guided by the light of demonstration, is one of the 
most singular facts in the history of human know* 
ledge* 

Hie degree of acrimony and illiberality whicli 
were sometimes mixed in this controversy was not 
very creditable to the disputants, and proved how 
mud) m<n^ men take an interest in opinions as be- 
ing their own, than as being simply in themselves 
either true or false. The dispute, as conducted by 
S'Gravesende and Clarke, took this turn, especial- 
ly on the part of the latter, who, in the schools of 
theol<^ having sharpened both his temper and his 
wit, accompanijed his reasonings with an iasolenoe 
and irritability peculiarly ill suited to a discussion 
about matter and motion* His pi^r on this sub- 
ject, in the Philosophical Transactions, * contains 
many just and acute remarks, accompanied with 
the most unfair representation of the argument of 
his antagonists, as if the doctrine of the m viva 



• Vol. XXXV. (1728,) p. 381. Hutton's Abridgment, 
Vol. VII. p. 219. 
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y^ere a ttiatter of as palpable absurdity as the deniid 
' of one of <lie axioms of geometty. * Now, the 
truth is, that the argument in favour of living 
forces is not at all liable to this reproach. One of 
the effects produced by a moving body is proportion-^ 
al to the square of the velocity, while another is 
proportional to the velocity simply j and, according 
to which of these ways the force itself is to be mea- 
sured, may involve the propriety or impropriety of 
mathematical language, but cannot be charged with 
d)surdity or contradiction. Absurdity, indeed, 
was a re{m>ach that neither side had any right to 
east on the other. 

A dissertation of Mairan, on the force of moving 

* In all the arguments for the vis viva, this learned meta- 
physician saw nothing but a conspiracy formed against the 
Newtonian philosophy. '* An extraordinary instance/' says 
he^ '' of the maintenance of the most palpable absurdity we 
have had in late years of very eminent mathematicians^ Leib- 
nitz^ BemouILi^ Herman^ Ghravesende^ who^ in order to raise 
a dust of opposition against the Newtonian philosophy^ some 
years back insisted with great eagerness on a principle which 
subverts all science^ and which easily may be made appear^ 
even to an ordinary capacity^ to be contrary to the necessary 
and essential nature of things." This passage may serve as 
a proof of the spirit whidi prevailed among the philosophers 
of that time^ making them ascribe such Uliberal views to one 
another^ and distorting so entirely both their own reasoning 
and those of their adversaries. The spirit awakened by the 
discovery of fluxions had not yet subsided. 
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bodies* in the Memoires of the Academy of Scien- 
ces for I7S89 is one of those in which the common 
measure of force is most ably supported. Never- 
theless, for a long time after this, the opinions on 
that subject in France continued still to be divided. 
In the list of the disputants we should hardly ex- 
pect to find a lady included, if we did not know 
that the name of Madame de Chastellet, along 
with those of Hypatia and Agnesi, was honourably 
enrolled in the annals of mathematical learning. 
Her writings on this subject are full of ingenuity, 
though, from the fluctuation * of her opinions, it 
seems as if she had not yet entirely exchanged the 
caprice of fashion for the austerity of science. A- 
bout the same time Voltaire engaged in the argu- 



* Mad. de Chastellety in a Dissertation on Fire^ published 
in 1740^ took the side of Mairan, and bestowed great praise 
on his discourse on the force of moving bodies. Having, 
however^ afterwards become a convert to the philosophy of 
Leibnits, she espoused the cause of the Vis Viva, and wrote 
against Mairan. At this time too she drew up a compend 
of the Leibnitian philosophy for the use of her son, which 
displays ingenuity and acuteness, and is certainly such a pre- 
sent as very few mothers have ever been in a condition to 
make to their children. Soon afterwards the same lady, 
having become a Neiirtonian, returned to her former opinion 
about the force of moving bodies, and in the end, gave to 
her countrymen an excellent translation of the Principia of 
Newton, with a commentary on a part of it, far superior to 
any other that has yet appeared. 
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ment, and in a Memoire, * presented to the Aca- 
demy of Sciences in 1741» contended that the dis- 
pute was entirely about words. His reasoning is 
on the whole sound, and the suffi^ge of one who 
united the character of a wit, a poet, and a philo- 
sopher, must be of great importance in a country 
where the despotism of fashion extends even to 
philosophical opinion. 

The controversy was now drawing to a conclu* 
sion, t and in effect may be said to have been ter- 
minated by the publication of D' Alembert's Dy- 
namique in 17'1^* I am not pertain, however, 
thit all the disputants acquiesced in this decision, 
at least till some years later. Dr Reid, in an essay 
On Quantity, in the Philosophical Transactions 
for 1748, has treated of this controversy, and re- 
marked, that it had been dropt rather than con- 
cluded. In this I confess I differ from the learn- 
ed author. The controversy seemed fairly ended, 
the arguments exhausted, and the conclusion esta- 
blished, that the propositions maintained by both 

* 'Doutes 8ur la Mesure des Forces Motrices ; CBuvres de 
Voltaire^ Tom. XXX IX, p- 91. 8vo edit- 1785. , "^ 

t Two very valuable papers that appeared at this late pe? 
Hod of the dispute are found in the Philosophical Transac- 
tions; one by Desaguliers^ in 1733^ full of excellent remarks 
and valuable experiments; another by Jurin, in 1745, con-^ 
taining a very full state of the whole controversy. 
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sidef were true, and were not opposed to one an-* 
other. Though the mathematical sd^ices eamiot 
boast of never having had any debates, they can say 
that those that have arisen have always been 
brought to a satisfactory terminatioiu 

The observations with which I am to conclude 
die present sketch, are not preeitely the same witk 
those of the French philosopher, though tbey rest 
nearly on the same foundation. 

As the effects of moving bodies, or the changes 
they produce, may vary considerably with acciden- 
tal circumstances, we most, in order to measure 
their force, have recourse to effects which are uni- 
form, and not under the influence of variaUe causes* 
First, we may measure the force of one moving 
body by its effect upon another moving body ; smA 
here there is no room for dii^ute^ nor any doubt 
that the forces of such bodies ai-e as the quantities 
of matter multipKed into the shnpk power of the 
veloeities, because the forces of bodies in which 
these products are equal, lure well knovn^ if oppos-^ 
ed, to destroy one another. Thus one effect of 
moving bodies affords a measure of their foixe, 
which does not vary as the square ; but as the sim- 
pie power of the velocity. 

There is also another condition of moving bodies 
which may be expected to afford a simple and ge- 
neral measure of their force. When a moving 
body is opposed by pressure, by a vis mortua^ or a 
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resistaiice like that of gray]ky» the quantity of such 
reaistance required to extiBguiah the motions and 
reduce the body to rest, must serve to meamre the 
ibree of that body. It is a force which, by repeat* 
ed impulses, has annihilated another, and these im* 
pulses, wh^i properly eoUeeted into <me sum, mnst 
evidently be equal to the force which they have ex* 
tii^ished. It happens, however, that there ait 
two ways of computing the amouuC of these retard** 
ing forces, which lead to different results, both of 
them just, and neither of them to be^asamned to 
the exclusion of the other. 

Suppose the body, the force ef which is to be 
measured, to be projected perpendicularly npward 
with any velocity, then, if we would compute the 
quantity of the force of gravity which is employed 
in reducing it to rest» we may either inquire into 
the retardation which that force produces duria^ a 
given time, or while the body is movii^ over a 
given space. In other words, we may either in* 
quire how long the motion will continue, or how 
&r it will carry the body before it be entirely ex- 
hausted. If the length of the tune that the uni^ 
form resistance must act before it reduce the body 
to rest be taken for the eflfeet, and consequently for 
the measure of the force of the body, that fivee must 
be prc^rtional to the vdocity, for to this the time 
is confessedly propor^nal* If, on the other hand, 
the len^ of the line which the moving body de- 
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scribes, while subjected to this uniform resistance, 
be taken for the effect and the measure of the 
force, the forcte must be as the square of the velo- 
city, because to that quantity the line in question is 
known to be proportional. Here, therefore, are 
two results, or two values of the same thing, the 
force of a moving body, which are quite different 
from one another } an inconsistency which evident- 
ly arises from this, that the thing denoted by the 
term force, is too vague and indefinite to be capa« 
ble of measurement, unless some farther condition 
be annexed. Tliis condition is no ^ther than a 
specification of the work to be performed, or of the 
effect to he produced by the action of the moving 
body. Thus, when to the question concerning the 
force pf the moving body, you add that it is to be 
employed in putting.in motion another body, which 
is itself free to move, no doubt remains that the force 
is as the velocity multiplied into the quantity of mat- 
^ter. So also, if the force of the moving body is to be 
opposed by a resistance like that of gravity, the 
-length of time that the mption may continue is one 
of its measurable effects, and that effect is, like the 
former, proportional to the velocity. There is a 
third effect to be considered, and one which al- 
ways occurs in such an experiment as the last,— 
'.the height to which the moving body will ascend. 
.This limitation gives to the force a definite charac* 
ier, and it is now measured by the square of the 
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velocity. In fkct, therefore, it is not a precise 
question to ask, What is the measure of the force 
of a moving body? You must, in addition, say, 
How is the moving body to be employed, or in 
wkich of its different capacities is it that you would 
measure its effect ? In this state of the question 
there is no ambiguity, nor any answer to be given 
but one. Hence it was that the mathematicians 
and philosophers who differed so much about the 
general question of the force of moving bodies, 
never differed about the particular applications of 
that force* It was because the condition necessary 
for limiting the vagueness and ambiguity of the 
data^ in alt such eases, was fully supplied. 

In the argument, therefore, so strenuously main« 
tained on the force of moving bodies, both sides 
were partly in the right and both partly in the 
wrong. Each produced a measure of force which 
was just in certain circumstances, and thus far had 
truth on his side : but each argued that his was the 
only true measure, so that all others ought to be 
rejected ; and here each of them was in error. 
Hence, also, it is not an accurate account of the 
controversy to say that it was about words merely ; 
the disputants did indeed misunderstand one ano- 
ther, but their error lay in ascribing generality to 
propositions that were true only in particular cases, 
to which, indeed, the ambiguity and vagueness of 
the vfoxdjbrce materially contributed. It does not 
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appear, however, that any good would now accTM 
from changing the language of djnamics. If, as 
has been already said, to the question, How are we 
to measure the force of a moving body ? be added 
the nature of the e£fect which is to be produced, all 
ambiguity will be avoided. 

It is, I think, only farther necessary to observe, 
that, when the resistance opposed to the moving 
body is not uniform but variable, according to any 
law, it is not simply either the time or the space 
which is proportional to the velocity or to the square 
of the velocity, but functions of those quantitiea. 
These functions are obtained from the integratiwt 
of certain fluxionary expressions, in which the 
measures above described are applied, the resistance 
being regarded as uniform for an infinitely small 
portion of the time or of the space* 

Many years after the period I am now treating 
of, the controversy about the vk viva seined to ve^* 
viTe in England, on the occasion of an Essay en 
Mechamcal Farce^ by the late Mr Smeaton, aA 
able engineer, who, to great practical skill, and 
much experience, added no inconsiderable know* 
ledge of the mathematka. 

The reality of tim vis vha^ then, under certain 
conditions, is to be considered as a matter complete* 
ly established. Another in^pury concerning the 
nature of this force, which also gave rise to Gonsi* 
derable debate, was, whether, in the communication 



wS moCioQ, and in the yarioHs cbanges through 
which moving bodies pass, the quantity of the via 
viva remains always the same ? It had been observ* 
ed» in the eollisi<m of ebstic bodies, that the vis 
vivOf or the sum made up by multiplying each 
body into the square of its veloeity, and adding the 
products together, was the same after collision 
that it was before it, and it was conchided with 
some precipitation, by those who caused the 
Leihmitian theory, that a similar result always took 
place in the real phenomena of nature. Other in* 
stances were cited ; and it was observed, that a par- 
ticular view of this principle which presented itself 
to Huygens» had enaUed him to find the bentre of 
oscillAtion of a compound pendulum, at a time when 
the state of mechanical science was scarcely pre« 
pared for so difficult an investigation. The ^o* 
position, however, is true only when all the changes 
are gradual, and rigorously subjected to the law 
of continuity. Thus, in the collisiim of bodies 
imperfectly elastic, (a case which continually occurs 
in nature,) the force which* during the recoil, ac- 
celerates the separatioit of the bodies, does not re» 
store to them the whole veloeity they had lost, and 
the vis vivat after the coHiaion, is always less than 
it was before it« The cases in which the whole 
amount of the vis viva is rigorously preserved^ 
may always be brought under the thirty-ninth pro- 
position of the first book of the Frincipia» where 
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the principle of this theory is placed on its true 
foundation. 

So far as General Principles are concerned, the 
preceding are the chief mechanical improvements 
which belong to the period so honourably distin- 
guished by the names of Newton and Leibnitz* 
The application of these principles to the solution 
of particular problems would afford materials for 
more ample discussion than suits the nature of a 
historical outline. Such problems as that of find- 
ing the centre of oscillation, — the nature of the 
catenarian curve, — ^the detennination of the line 
of swiftest descent,-— the retardation produced to 
motion in a medium that resists according to the 
square of the velocity, or indeed according to any 
function of it, — the determination of the elastic 
curve, or that into which an elastic spring forms 
itself when a force is applied to bend it,-«-aIl these 
were problems of the greatest interest, and w^e 
now resolved for the first time; the science of 
mechanics being sufficient, by means of the compo- 
sition of forces, to find out the fluxionary or dif- 
ferential equations which expressed the nature of 
the gradual changes which in all these cases were 
produced, and the calculus being now sufficiently 
powerful to infer the properties of the finite from 
those of the infinitesimal quantities. 

The doctrine of Hydrostatics was cultivated in 
England by Cotes. The properties of the atmo- 



PHYSICAL SCIENCE. 349 

$phete9 or of elastic fluids, were also experhneiital* 
ly investigated ; and the barometer, after the inge« 
nuity of Pascal had proved that the mercury stood 
lower the higher up into the atmosphere the instru- 
ment was carried, was at length brought to be a 
measure of the height of mountains, Mariotte 
appears to have been the first who proposed this 
use of it, and who discovered that, while the 
height from the ground increases in arithmetical, 
the density of the atmosphere, and the column of 
mercury in the barometer, decrease in geometrical 
progression. Halley, who seems also to have come 
of himself to the same conclusion, proved its truth* 
by strict geometrical reasoning, and showed, that 
logarithms are easily applicable on this principle Uy 
the problem of finding the height of mountains. 
This was in the year 1685. Newton two years af- 
terwards gave a demonstration of the same, extend- 
ed to the case when gravity is not constant, but 
varies as any power of the distance from a given 
centre. 

To the assiduous observations and the indefati- 
gable activity of Halley, the natural history of the 
atmosphere, of the ocean, and of magnetism, are 
all under the greatest obligations. For the pur- 
pose of inquiring into these objects, this ardent 
and philosophical observer relinquished the quiet 
of academical retirement, and, having gone to St 
Helena, by a residence of a year in that island, 



n 
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not only made an addition to tbe catalogM of tlie 
stars, of 360 from the southern hemisphei^ but 
returned with great aoquimtions both of nautical 
and meteorological knowledge* His observations 
on evaporation were the foundation of two valuable 
papers on the origin of foqntains ; in which, for 
the first timet the sufficiency of the vapour taken 
up into the atmosphere, to maintain the perennial 
flow of springs and rivers, wbs established by un- 
deniable evidence. The difficulty which men 
found in conceiving how a precarious and accident- 
al supply like that of the rains, can sufficiently 
provide for a great and r^ular expenditure like 
that of the rivers, had given rise to those various 
opinions concerning tbe or^n of fountains, which 
' had hitherto divided the scientific world. A long 
residence on the summit of an insulated rock in 
the midst of a vast ocean, visited twice every year 
by the vertical sun, would have afiforded to an 
observer, less quick-sighted than Halley, an oppor- 
tunity of seeing the work of evaporation carried on 
vrith such rapidity and copiousness as to be a sub- 
ject of exact measurement. From this extreme 
case, he could infer the medium quantity, at least 
by approximation ; and he proved that, in the Me- 
diterranean, the humidity daily raised up by evapo- 
ration is three times as great as that which is dis- 
charged by all the rivers that flow into it. The 
origin of fountains was no longer questioned, and 

4 
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of die multitude of opinions on that subject, 
which had hitherto perplexed philosophers, all but 
one entirely disappeared. * 

Beside the voyage to St Helena, Haliey made 
two others; the British government having been 
enlightened, and liberal enough to despise profes^ 
rional etiquette f where the interests of science were 
at stake, and to entrust to a Doctor of Laws the 
command of a ship of war, in which he traversed 
the Atlantic and Pacific Oceans in various direc- 
tions, as far as the 53d degree of south latitude, 
and returned with a coUection of facts and observa- 
tions for the improvement of geography, meteorolo- 
gy, and navigation, far beyond that which any indi- 
vidual traveller or voyager had hitherto brought 
together. 

The variation of the compass was long before 
this time known to exist, but its laws had never 
yet been ascertained. These Haliey now deter- 
mined from his own observations, combined with 
those of former navigators, in so far as to U'ace, on 
a nautical chart, the lines of the same variation 
over a great part both of the Atlantic and Pacific 
Oceans, affording to the navigator the ready means 
of correcting the errors which the deviation of the 
needle, from the true meridian, was calculated to 
produce. In his different traverses he had four 
times intersected the line of no variation, which 

• Philosopliical Transactions, 1687, Vol. XVI. p. 366. 
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seemed to divide the earth into two parts, the va* 
riations on the east side being towards the west, 
and on the west side towards the east. These 
lines being found to change their position in the 
course of time, the place assigned to the magneti- 
cal poles could not be permanent* Any theory, 
tlierefore, which could afford an explanation of 
their changes must necessarily be complex and dif- 
ficult to be established. The attempt of Halley to 
give such an explanation, though extremely inge- 
nious, was liable to great objections ; and while it 
has shared the fate of most of the theories which 
have been laid down before the phenomena had 
been sufficiently explored, the general facts which 
he established have led to most of the improve- 
ments and discoveries which have since been made 
respecting the polarity ot the needle. 

Besides the conclusion just mentioned, Dr Hal- 
ley derived, from his observations, a very complete 
history of the winds which blow in the tropical re- 
gions, viz. the trade-wind, and the monsoons, toge- 
ther with many interesting facts concerning the 
phenomena of the tides. The chart which con- 
tained an epitome of all these facts was published 
in 1701 • 

The above are only a part of the obligations 
which the sciences are under to the observations 
and reasonings of this ingenious and indefatigable 
inquirer. Halley was indeed one of the ablest and 
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mottaoeomplished men of his age. A schokr well 
verged in the learned languages, and a geometer 
profoundly skilled in the ancient analysis, he re« 
stored to their original elegance some of the precious 
fragments of that analysis, which time happfly had 
not entirely defaced. He was well acquainted al- 
so with the algebraical and fluxionary calculus, and 
was both in theory and practice a prc^und and 
laborious astronomer. Finally, he wias the friend of 
Newton, and often stimulated, with good effect, 
the tardy purposes of that great philosopher. Few 
men, therefore, of any period, have mare claims 
than Halley on the gratitude of succeeding ages. 

The invention of the thermometer has been al- 
ready noticed, and the improvements made on that 
instrument about this period, laid the foundation of 
many future discoveries. The discovery of two 
fixed temperatures, each marked by the same ex- 
pansion of the mercury in the thennometm*, and 
Jjbe same condition of the fluid in which it is im- 
mersed, was made about this time. The differ- 
ences of temperature were thus sidyjected to exact 
measurement ; the phenomena of heat became, of 
course, known with more certainty and precision ; 
and that substance or virtue, to which nothing is. 
impenetrable, and which finds its way through the 
rarest and the densest bodies, apparency with the 
same facility,^ — ^whidi determines so many of our 
sensations, and of which the distribution so mate** 

VOL. n. z 
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rially mfltienees all the phenomena of animal aoA 
vegetable life, came now to be knovrn, not, indeed, 
in its essence, but as to all the characters in vrhich 
we are practically or experimentally concerned^ 
The treatise on Fire, in Boerhaave's Chemistry, is 
a great advance beyond any thing on that subject 
hitherto known, and touches, notwithstanding many 
errors and imperfeotiooB, on most of the great 
truths, which time, experience, and ingenuity, have 
since brought into view* 

It was in this period also that electricity may be 
said first to have taken a scientific form* The pow« 
er.of amber to attract small bodies, after it baet 
been rubbed, is said to have been known to Tha- 
les, and is certainly made mentioti of by Theo- 
phmstus. The observations of Gilbert, a physician 
of Colchester, in the end of the sixteenth century, 
though at the distance of two t^ouund years, made 
die fimt additioa to the transient and superficial 
Femaiks of the Greek naturalist, and ^ord a pret^ 
ty full enumeration of the bodies which can be 
rendered electrical by friction. The Academia 
del Cimento, Boyle, and Otto Guericke, followed 
in the same course ; and the latter is the first who 
mentions the craekling noise and faint light which 
electricity sometimes produced* Tliese, however, 
were haidiy perceived, and it was by Dr Wall, as de- 
scribed in te Phifosophicsl Trimsections, thirt; tbey 
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were first diatioetly observed. * By a singularly 
fortunate aaticipalioii, he remarks of the light and 
cracklings that they seemecU in some d^re^, to re- 
piwent thunder and lightning. 

AfWr the experiments of Hanksbee in 1709» by 
which the knowledge of this mysterious substance 
was considerably advanced, Wheeler and Gray, whp 
liad diseorered that one body could commuoieate 
electricity to another without mbfaiiB^, being will- 
ing to try to what distance the electrical virtiie 
might be thus conveyed, employed^ £or the pur- 
pose of forming the cofHmuaication, a hempen 
rope, which they extended to a considerable 
length, supporting it from the sides, by threads 
which, in order to prevent the dissipation of die 
electricity, they taught k proper to make as sten- 
dor as possible^ They employed eilk threads with 
that view, and found the experiment to succeed. 
Thinking that it would succeed still better, if 
the supports were made still more slender, they 
tried very fine metallic wire, and were surprised to 
find, that the hempen rope, thus supported, con- 
veyed no electricity at all. It was, thereforei as 
being silk^ and not as being smalls that the threads 
had served to retain the electricity. This accident 

. • Wall's paper is in the Transactions for 1708, VoL XXVI. 
No. 314, p. 69.— Hauksbee on EUctrtcal Light, in the same 
volume. See Abruigment, Vol. V. p. 408, 411. 
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led to the great distinction of substances conduct- 
ing and not conducting electricity. An extensive 
field of inquiry was thus opened, a fortunate acci- 
dent having supplied an ifistanHa cruets^ and enabled 
these experimenters to distinguish between what 
was essential and what was casual in the operation 
they had performed. The history of electricity, 
especially in its early stages, abounds with facts of 
this kind ; and no man, who would study the na^ 
ture of inductive sciencet and the rules for the in- 
terpretation of nature, can employ himself better 
than in tracing the prepress of these discoveries. 
He will find abundant reason to admire the inge- 
nuity as well as the industry of the inquirers, but 
he will often find accident come in very opportune- 
ly to the assistance of both. The experiments of 
Wheeler and Gray are described in the Transac- 
tions for 1729* 
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Section III. 

OPTICS. 

The invention of the telescope and the micro- 
scope, the discoveries made coocerhing the proper* 
ties of light and the laws dT vision, added to the 
ftcility of applying mathematical reasoning as an 
instrument of investigation, had long given a peco* 
liar interest to optical researches. The experi- 
ments and inquiries of Newton on that subject be- 
gan in 1 666, and soon made a vast addition both 
to the extent and importance of the science. He 
was at that time little mcMre than twentypthree years 
old} he had already made some of the greatest 
and most original discoveries in the pure mathema- 
tics; and the same young man, ndiom we have 
been admiring as the most profound and inventive 
of geometers, is to appear, almost at the same mo- 
ment, as the most patient, faithful, and sagacious ^ 
interpreter of nature. These characters, though 
certainly not opposed to one another, are not often 
combined ; but to be combined in so high a de- 
gree, and in such early life, was hitherto without 
example. 
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In hopes of impFOving the telescope, by giving 
to the glasses a figure different from the sphericalt 
he had b^un to make experiments, and had pro- 
cured a glass prism, in order, as he tells us, to try 
with it the celebrated phenomena qf colours, * 
These trials led to the discovery of the different 
refrangibility of the rays of light, and are now too 
well known to stand in need of a particular descrip- 
tion* 

Having admitted a beam of light into a dark 
chamber, through a hole in the window-shutteri 
and made it fall on a glass prism, so placed as to 
cast it on the opposite wall, he was delighted to ob» 
serve the brilliant colouring of the sun's image, and 
not lesis surprised to observe its figure, which, in* 
stead of being circular, as- he expected, was oblong 
in the direction perpendicular to the edges of the 
prism, so as to have the shape of a parailelognm, 
rounded at the two ends, and nearly five times as 
long as it was Imiad. 

When he reflected on these appearances, he saw 
nothing that could explain the elongation of the 

• PhU. Trams. Vol. VI. (167«0 P- ^^75. Also Hutton*B 
Abridgment, Vd» I. p» 67S. The aoooqnt of the axperimflits 
is in a letter to Oldenburg^ dated February 1672 ; it is the 
first of Newton's works that was published. It is plain firom 
what is said above> that the phenomena of the prismatic 
spectrum were not unknown at that time^ however little they 
were understood^ and however imperfectly observed. 
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image but the sappositbii that some of the nqra of 
light, in passing throngh the prism, were more i»* 
fracted than odiers^ so that rays ivhich were paral^ 
lel when they fell on t^e prisma diverged from one 
another after refraction, the rays that differed in 
refrangibility^tflfering also in ocdoar. The ^ectnm$ 
or solar image, would thus consiiit of a series of cir-« 
oular images partly covering one another, and part- 
ly projecting one beyond another, from the red or 
least refrangible rays, in succession, to the orange, 
yellow, green, blue, indigo, and vbiet^ the mostren 
frangible of alL 

It was not, however, till he tried every oAeor hy« 
potheas which suggested itself to his mind by the 
test of experiment, and proved its 611acy, that lie 
adopted this as a true interpretation of the pheno* 
mens. Even after these regectioDs, his explan^ien 
had still to abide the sentence of an ewperimentum 
erum* 

Having admitted the light and appliisd a piism 
as before, he received the coloured spectmm on a 
board «t tiie distance of about tvfidve feet from the 
first, and also pierced with a small hole. The oo^ 
loured light which passed through this second haie 
was made to fall on a prism, and afterwards receive 
ed on the opposite wall. It was then found tJiat 
the rays which had been most refracted,^ or most 
bent from their course by the first prism, were 
most refracted also by the second, though no new 
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coloun were produced. '* So," says he, ** the tme 
cause of the length of the image was detected to be 
no other than that light consists of rays differently 
refrangible, which, without any respect to a differ- 
ence in their incidence, were, accwding to their 
degrees of refrangibility, transmitted towards divers 
parts of the wall/' * 

It was also observed, that when the T«ys which 
fell on the second prism were all of the same colour, 
the image formed by refraction was truly circular, 
and of the same colour with the incident light. 
This is one of the most conclusive and. satisfactory 
of aU the experiments. 

When the sun's light is thua admitted first 
through one aperture, and then through another at 
some distance from the first, and is afterwards made 
to fidl on a prism, as the rays come only from a 
part of the sun's disk, the spectrum has nearly the 
same length as before, but the breadth is greatly 
diminished ; in consequence of which, the light at 
each point is purer, it is free from penumbra^ and 
the confines of the different colours can be more ac» 
curately traced. It was in this way that Newton 
measured the extsat of each colour, and taking the 
mean of a great number of measures, he assigned 
the following proportions, dividing the whole length 
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of the spectram, exdusiTe of its rounded tenuisa- 
tiaoBf into 360 equal parts ; of these the 

Red occupied - 4t5 

Orange . - 27 

YeUow . . 48 

Green - - 60 

Bhie - -60 

Indigo - - 40 

Violet • . «X 

Between the divisions of the spectrum, thus made 
by the diflferent colours, and the divinons of the 
monochord by the notes of music, Newton con- 
ceived that there was an anal<^, and indeed an 
identity of ratios ; but experience has since shown 
that this analogy was accidental, as the spaces occu- 
pied by the different colours do not divide the spec* 
trom in the same ratio, when prisms of different 
kinds of glass are employed. 

Such were the experiments by which Newton 
first " untwisted all the shining robe of day," and 
made known the texture of the magic garment 
which nature has so kindly spread over the surface 
of the visible World. From them it followed, that 
colours are not qualities which light derives from 
refraction or rellection, but are original and connate 
properties connected with the different degrees of 
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i^rangtbility that belong to ^e diflbrent niys. 
Tlie same colour is always joined to the same de» 
gree of refrangibility, and conversely, the same de- 
gree of refrangibility to the same colour. 

Though the seven already enumerated are pri- 
mary and simple colours, any of them may also 
be produced by a mixture of others. A mixture 
of yellow and blue, for instance, makes green ; of 
red and yellow orange ; and, in general^ if two co* 
lours, which are not very far asunder mi the natural 
series, be mixed together, they compound the colour 
that is in the middle between them. 

But the most surprising composition of all. New-* 
ton observes, is that of whiteness ; which is not po- 
duced by one sort of rays, but by the mixture of all 
the colours in a certain proportion, namely, in that 
proportion which they have in the «4ar spectruai* 
This fact may be said to be made out both by aiuu 
lysis and compositioB. The white l%ht of the sun 
can be separated, as we have just seen, into die 
seven simple colour? ; and if these colours be united 
again diey form whiter Should ^ly of them have 
been wanting, or not in its due proportion, the 
white produced is defectives- 
It appeared, too, that natural bodies, of whatever 
colour, if viewed by simple and homogeneous light, 
are «een of the colour of that light, and of no other. 
Newton tried this very satisfactory experiment 09 
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bodies cS aU colours, and found it to hold uniform* 
ly } the light was never changed by the colour of the 
body that reflected it. 

Newton, thus furnished with so many new and 
accurate notions concerning the nature and pro^^ 
duetion of colour, proceeded to apply them to the 
explanation of phenomena. The subject which na- 
turally ofifered itself the first to this analysis was the 
rainbow, which, by the grandeur and simplicity of 
its figure, added to the brilliancy of its colours, in 
every age has equally attracted the attention of the 
peasant and of the philosopher. That two refrac- 
tions and one reflection were at least a part of the 
machinery which nature employed in the construc- 
tion of this splendid arch, had been known from the 
time of Antonio de Dominis ; and the manner in 
which the arched figure is produced had been shown 
by Descartes ; so that it only remained to explain 
the nature of the colour and its distribution. As 
the colours were the same with those exhibited by 
the prism, and succeeded in the same order, it could 
hardly be doubted that the cause was the same. 
Newton showed the truth of his principles by cal- 
culating the extent of the arch, the breadth of the 
coloured bow, the position of the secondary bow, its 
distance from the primary, and by explaining the 
inversion of the colours. * There is not, perhaps, 

* Optics^ Book L Prop. g. 
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la sciaice any happier application <tf theory^ or any 
in which the mind rests with fuller confidence. 

Other meteoric appearances seemed to be capable 
of similar explanations, but the phenomena being 
no where so regular or so readily subjected to mea* 
sureraent as those of the rainbow, the theory cannot 
be brought to so severe a, test, nor the evidence ren* 
dered so satisfactory. 

But a niore difficult task remained,— *to explain 
the permanent colour of natural bodies. Here^ 
however, as it cannot be doubted that all colour 
jcomes from the rays of light, so we must conchide 
that one body is red and another violet, becaude 
the one is disposed to reflect the red or least re- 
frangible rays, and the other to reflect the violet 
or the most refrangible. Every body manifests its 
disposition to reflect the light of its own peculiar 
colour, by this, that if you cast on it pure light, first 
of its own colour, and then of any other, it will re- 
flect the first much more copiously than the Second. 
If cinnabar, for example, and ultra-marine blue be 
both exposed to the same red homogeneous light, 
they will both appear red ; but the cinnabar strong- 
ly luminous and resplendent, and the ultra-marine 
of a faint obscure red. If the hqmogeneal light 
thrown on them be blue, the converse of thp above 
will take place. 

Transparent bodies, particularly fluids, often 
transmit light of one colour and reflect light of 
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another. Halley told Newton, that, being deep 
under the surface of the sea in a diving*beli, in a 
clear sunshine day, the upper side of his hand, on 
which the sun shone darkly through the water, and 
through a small glass window in the diving-bell, ap* 
peared of a red colour, like a damask rose, while the 
water below, and the under part of his hand, looked 
green.  

Bnt, in explaining the permanent colour of bo* 
dies, this difficulty always presents itself,-*Suppo8e 
that a body reflects red or green light, what is it 
that decomposes the light, and separates the red or 
the green from the rest? Refraction is the only 
means of decomposing light, and separating the 
rays of one degree of refrangibility and of one co- 
lour, from those of another. This appears to have 
been what led Newton to study the colours produced 
by light passing through thin plates of any trans* 
parent substance. The appearances are very re** 
markaUe, and had already attracted the attention 
both of Boyle and of Hooke, but the facts observ- 
ed by them remained insulated in their hands, and 
unconnected with other optical phenomena. 

It probably had been often remarked, that when 
two transparent bodies, such as glass, of which the 
surfaces were convex in a certain degree, were pres- 
sed together, a black spot was formed at the contact 
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of the twoy which was surroanded with cdoured 
rings, more or less r^ukir, aooording to the form 
of the surfaces. In order to analyze a phenomenon 
that seemed in itself not a little curious, Newton 
proposed to make the experiment with surfiMses of 
a regular curvature, such as was capable of being 
measured. He took two object-glasses, one a pla* 
no-convex for a fourteen feet telescope, the other a 
double convex for one of about fifty feet, and upon 
this last he laid the other with its plane side dovm* 
wards, pressing them gently together. At their 
contact in the centre was a pellucid qpot, through 
which the light passed without suffering any reflec- 
tion. Round this spot was a coloured circle or 
ring, exhibiting blue, white, yellow, and red« 
This was succeeded by a pellueid or daik ring, then 
a coloured ring of violet, Uue, green, yeUow, and 
red, all copious and vivid except the green. The 
third coloured ring consisted of purple, blue, green, 
yellow, and red. The fourth consisted of green and 
red ; those that succeeded became gradually more 
dilute* and ended in whiteness. It was possible to 
count as £ur as seven. 

The colours of these rings were so marked by 
peculiarities in shade and vivacity, that Newton 
eemridered them as belonging to different orders ; 
so that an eye accustomed to examine them, on any 
particular colour of a natural object being pointed 
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out, would be able to determine to wh«t order in 
this series it belonged* 

Thus we have a system of rings or zones sur« 
toanding a dark central spot, and themselves al« 
temately dark and coloured^ that is, alternately 
Utinsniitting the light and reflecting it. It is evi- 
dent that the thickness of the plates of air inter- 
posed between the glasses, at each of those rings, 
must be a very material element in the arrangement 
of this system. Newton, therefore, undertook to 
coB(»pute their thickness. Having careAiliy measnr* 
ed che diameters of the first six coloured rings, at 
the most lucid part of each, he found their squares 
to be as the progression of odd numbers 1, 3, 5, 7f 
kc The squares of the distances from the centre 
of the dark spot to each of these circumferences/ 
were, therefore, in the same ratio, and consequent- 
ly the thickness of the plates of air, or the inter- 
vals between the glasses, vrere as the numbers 
1, 3, 5, 7, &c. 

When the diameters of the dark or pellucid 
rings which separated the coloured rings were 
measured, their squares were found to be as the 
even numbers 0, S, 4, 6, and, therefore, the thick- 
ness of the plates through whteh the light was 
wholly transmitted were as the same numbers. A 
great many repeated measurements assured the ac- 
curacy of these determinatioiis. 

As the curvatm'e of the convex glass on which 
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the flat surface of the plano-convex rested was 
known, and as the diameters of the rings were 
measured in inches, it was easy to compute the 
thickness of the plates of air, which corresponded 
to the difPerent rings. 

An inch being divided into I78OOO parts, the 
distance of the lenses for the first series, or for the 



luminous rings, was 173000' Trsooo * Irsboo ' &c- 

For the second series 178000 ' 178^ ^ *«• 

When the rings were examined by looking 
through the lenses in the opposite direction, the 
CMitral spot appeared white, and, iu other rings, 
red was opposite to blue, yellow to violet, and green 
to a compound of riMl and violet ; the colours form- 
ed by the transmitted and the reflected light being, 
what is now called complementary, or nearly so, of 
one another ; that is, such as when mixed produce 
white* 

When the fluid between the glasses was different 
from air, as when it was wata:, the succession of 
rings was the same ; the only difference was, that 
the rings themselves were narrower. 

When experiments (hi thin plates were made in 
such a way that the plate was of a denser body than 
the surrounding medium, as in the case of soap- 
bubbles, the same phenomena were observed to 
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take place. These phenomena Newton also ex- 
amined with his accustomed accuracy, and even be« 
stowed particular care on having the soap-bubbles 
as perfect and durable as their frail structure would 
admit. In the eye of philosophy no toy is despi- 
cable, and no occupation friyolous, that can assist in 
the discovery of truth. 

To the different degrees of tenuity, ihen, in 
transparent substances, there seemed to be attach* 
ed the powers of separating particular colours from 
the mass of light, and of rendering them visible 
sometimes by reflection, and, in xAher cases, by 
transmission. As there ia reason to think, then» 
that the minute parts, the mere particles of all bor 
dies, even the most opaque, are transparent, they 
may very well be conceived to act on light after the 
manner of the thin plates, and to produce each, ac- 
eording to its thickness and density, its appropriate 
cdour, which, thenefore, becomes the colour of the 
Mrface. Thus the colours in which the bodies 
round us appear everywhere arrayed, are reducible 
to the action of the parts which constitute their sur* 
faces on the refined and active fluid which pervades, 
adorns, and enlightens the world. 

But the same experiments led to some new and 
unexpected conclusions, that seemed to reach the 
very essence of the fluid of which we now speak. 
It Was impossible to observe, without wonder, the 
rings alternately luminous and dark that were fonfi- 

VOL. II. A a 
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ed between the two plates of glass in the pFeceding. 
experimentSi and determined to be what they were 
by the different thickness of the air between the 
plates, and having to that thickness the relations 
formerly expressed. A plate of which the tbick- 
ftess was equal to a certain quantity multiplied by 
an odd number, gave always a circle of the one 
kind ; but if the thickness of the plate was equal to 
the same quantity multiplied by an even number, 
the cii*cle was of another kind, the light, in the first 
ease, being reflected, in the second transmitted. 
Light penetrating a thin transparent plate, of 
which the thickness was m, 3m, Sm, &c. was de* 
composed and reflected ; the same light penetrat- 
ing the same plate, but of the thickness 0, Sm, 49?i, 
was transmitted, though, in a certain degree, also 
decomposed. The same light, therefore, was 
transmitted or reflected, according as the second 
surface of the plate of air throi^h which it passed 
was distant from the first by the intervals 0, Sm, 
4m, or m, Sm, Sm ; so that it becomes necessary 
to suppose the same ray to be successively disposed 
to be transmitted and to be reflected at points of 
space separated from one another by the same in- 
terval m. This constitutes what Newton called 
Fits of easy transmission and easy reflection^ and 
forms one of the most singular parts of his optical 
discoveries. It i» so unlike any thing which ana- 
logy teaches us to expect, that it has often been 
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viewed with a degree of incredulity, and regarded 
as at best but a conjecture introduced to account- 
for certain optical phenomena. This, however, is 
by no means a just conclusion, for it is, in reality, a 
necessaiy inference from appearances accurately ob- 
served, and is no less entitled to be considered as a 
fact than those appearances themselves. The diffi- 
culty of assigning a cause for such extraordinary al- 
ternations cannot be denied, but does not entitle 
us to doubt the truth of a conclusion fairly deduced 
from experiment. The principle has been confirmed 
by phenomena that were unknown to Newton him- 
self, and possesses this great and unequivocal cha-* 
racter of philosophic truth, that it has served to ex- 
plain appearances which were not observed till long . 
after the time when it first became known. 

We cannot follow the researches of Newton into 
what regards the colours of thick plates, and of bo- 
dies in general. We must not, however, pass 
over his explanation of refraction, which is among 
the happiest to be met with in any part of science, 
and has the merit of connecting the principles of 
optics with those of dynamics. 

The theory from which the explanation we 
speak of is deduced is, that light is an emanation of 
particles, moving in straight lines with incredible 
velocity, and attracted by the particles of transpa* 
rent bodies. When, therefore, light falls oblique- 
ly on the surface of such a body, its motion may be 
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resolved into two, one parallel to that surfiu^e, and 
the other perpendicular to it. Of these, the first 
18 not affected by the attraction of the body, which 
18 perpendicular to its own surfSu^e; and, there- 
fore, it remains the same in the refracted that it 
was in the incident ray. But the velocity perpen- 
dicular to the surface is increased by the attraction 
of the body, and, according to the principles of 
dynamics, (the S9th, Book I. Princip.) whatew 
be the quantity of this velocity, its square, on en- 
tering the same transparent body, will always be 
augmented by the same quantity. But it is easy 
to dmonstrate that, if there be two right-angled 
triangles, with a side in the one equal to a side in 
the other, the hypothenuse of the first being given, 
and the squares of their remaining sides diflPering 
by a given space, the sines f^ the anglea opposite to 
the 6qual sides must have a given ratio to one ano- 
ther. * This amounts to the same with sayings 
that, in the case before us, the sine of the angle of 
incidence is to the sine of the angle of refraction 
in a given ratio. The explanation of the law of 
refraction thus given is so highly satisfactory, that 
it aflEbrds a strong ai^umeat in favour of the system 
which considers light as sh emanation of particiea 
from luminous bodies, rather than the vibrations of 
an elastic fluid. It is true that Huygens dednced 
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from this last hypothesis an explanation of the law 
of refraction, on which considerable praise was be- 
stowed in the former part of this Dissertation. It 
is undoubtedly very ingenious, but does not rest 
on the same solid and undoubted principles of dy* 
namics with the preceding, nor does it leave the 
mind so completely satisfied. Newton, in his 
Principia, has deduced another demonstration of 
the same optical proposition from the theory of 
central forces. * 

The different refrangibility of the rays of light 
forms no exception to the reasoning above. The 
rays of each particular colour have their own parti- 
cular ratio subsisting between the sines of inci" 
dence and refraction, or in each, the square that is 
added to the square of the perpendicular velocity 
has its own value, which continues the same while 
the tran^rent medium is the same. 

Light, in consequence of these views, became, 
in the hands of Newton, the means of making 
important discoveries concerning the internal 
and chemical constitution of bodies. The square 
that is added to that of the perpendicular ve- 
locity of light in consequence of the attractive 
force of the transparent substance, is properly the 
measmre of the quantity of that attraction, and is 



• Prin. Math. Lib. I. Prop. 94. Also Optics Book I. 
Prop. 6. 
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the same with the difference of the squares of the 
▼elocities of the incident and the refracted iight. 
This is readily deduced, therefore, from the ratio 
of the angle of incidence to that of refraction ; and 
when this is done for diflferent substances, it is 
found, that the above measure of the refracting 
power of transparent bodies is nearly proportional 
to their density, with the exception of those which 
contain much inflammable matter in their compo- 
sition, or sulphur, as it was . then called, which 
is always accompanied with an increase of reflect- 
ing power,  

- Thus, the refracting power, ascertained as above, 
when divided by the density, gives quotients not 
very different from one another, till we come to 
the inflammable bodies, where a great increase im« 
mediately takes place. In air, for instance, the 
quotient is dSOS, in rock-crystal 5450, and the 
same nearly in commfHi glass; But in spirit of 
wine, oil, amber, the same quotients are 10121, 
1S607» 13654. Newton found in the diamond, that 
this quotient is still greater than any of the preced- 
ing, being 14556. t Hence he conjectured, what 
has since been so fully verified by experin^ent, 
that the diamond, at least in part, is an inflam- 
mable body. Observing, also, that the refracting 
power of water is great for its density, the quo- 

• Newton's Optics, Ibid. t Ibid. 
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tient, expounding it as above, being 78^^> 1^ con« 
chided, that an inflaamable substance enters into 
tbe composition of tbat fluid,— i-a conclusion which 
has been confirmed by one of the most certain but 
most unexpected results of chemical analysis* The 
views thus suggested by Newton have been suc- 
cessfully pursued by future inquirers, and the ac- 
tion of bodies on light is now regarded as one of 
the means of examining into their internal consti- 
tution. 

I should have befoi^e remarked, that the alternate 
disposition to be easily reflected and easily trans* 
mitted, serves to explain the fact, that all trans- 
parent substances reflect a portion of the incident 
Ught. The reflection of light from the surfaces of 
opaque bodies, and from the anterior surfaces of 
transparent bodies, appears to be produced by a 
repulsive force exerted by those surfiEK^es at 9 /de- 
terminate but very small distance, in consequence 
of which there is stretched out over them an elastic 
web through which the particles of light, notwith- 
standing their incredible velocity, are not always 
able to penetrate. * In the case of a transparent 
body, the light which, when it arrives at this out- 
work, as it may be called, is in a^t of easy reflec- 

* A velocity that enables light to pass from the sun to ^e 
earth in 8' 13'', as is deduced from the eclipses of Jupiter's 
satellites. 
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tioD, obeys of courae the repulse force, and is re^ 
fleeted back again. The particles^ on the other 
hand, which are in the state which disposes them 
to be transmitted, overcome the* repulsive force, 
and, entering into the intoior of the transparent 
body, are subjected to the action of its attractive 
force, and obey the hiw of refraction already ex* 
plained. If these rays, however, reach the second 
surface of the transparent body, (that body being 
supposed denser than the medium surroundii^ it,) 
in a direction having a certain obliquity to that sur- 
face, the attraction wiil not suffer the rays to emerge 
into the rarer medium, but will force them to re^ 
turn back into the transparent body. Thus the 
reflection of light at tiie second surface of a tranfri 
parent body is produced, not by the repulsion of 
the medium in which it was about to enter, but by 
the attraction of that which it was preparing to 
leave. 

The first account of the experiments from which 
all these conclusions were deduced, was given in 
the Philosophical Transactions for 1672» and the 
admiration excited by their brilliancy and their no* 
velty may easily be imagined. Among the men of 
science, the most enlightened were the most enthu- 
siastic in their praise. Huygens, writing to one of 
his friends, says of them, and of the truths they 
were the means of making known, *' Quomm re* 
spectu omnia hue usque editajgunia sunt etpror^ 
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sus puerilia" Such were the sentiments of the 
person who, of all men living, was the best aUe to 
judge, and had the best right to be fastidious in 
what related to optical experiments and discoveries. 
But all were not equally candid with the Dutch 
philosopher ; and though the discovery now com- 
municated had every thrug to recommend it which 
can arise from what is great, new an4 singular; 
though it was not a theory or a system of opinions, 
but the generalization of facts made known by ex- 
periments ; and though it was brought forward in 
the most simple and unpretending form, a host of 
enemies appeared, each eager to obtain the unfor- 
tunate pre-eminence of being the first to attack 
conclusions which the unanimous voice of posterity 
was to confirm. In this contention, the envy and 
activity of Hooke did not fail to give him the ad- 
vantage, and he communicated his objections to 
Newton's conclusions concerning the refrangibility 
of light in less than a month after they had been 
read in the Royal Society. He admitted the a&* 
curacy of the experiments themselves, but denied 
that the cause of the colour is any quality residing 
pennanently in the rays of light, any more than 
that the sounds emitted from the pipes of an organ 
exist originally in the air. An imaginary analogy 
between sound and light seems to have been the 
basis of all his optical theories* He conceived that 
colour is nothing but the disturbance of light by 
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pulses propagated through it ; that blackness pro- 
ceeds from the scarcity, whiteness from the plenty, 
of undisturbed light ; and that the prism acts by 
exciting different pulses in this fluid, which pulses 
give rise to the sensations of colour. '^Fhis obscure 
and unintelligible theory (if we may honour what is 
unintelligible with the name of a theory) he accom- 
panied with a multitude of captious objections to 
the reasonings of Newton, whom he was not asham- 
ed to charge with borrowing from him without ac- 
knowledgment. To aU this Newton replied, with 
the solidity, calmness, and modesty, which became 
the understanding and the temper of a true philo- 
sopher. 

The new theory of colours was quickly assailed 
by several other writers, who seem all to have had 
a better apology than Hooke for the errors into 
which they fell. Among them one of the fir^t waa 
Father Pardies, who wrote against the experiments, 
and what he was pleased to call the hypothesis, of 
Newton. A satisfactory and calm reply convinced 
him of his mistake, which he had the jcandour very 
readily to acknowledge. A countryman of his, 
Mariotte, was more difficult to be reconciled, and, 
though very conversant with experiment, appears 
never to have succeeded in repeating the experi- 
ments of Newton. Desaguliers, at the request of 
the latter, repeated the experiments doubted of be- 
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fore the Royal Society, where Monmort, a country- 
man and a friend of Mariotte, wt^ present. * 

MM. Linus and Lucas, both of Liege/ objected 
to Newton's experiments as inaccurate ; the first, 
because, on attempting to repeat them, he had not 
obtained the same results ; and the second, because 
he had not been able to perceive that a red object and 
a blue required the focal distance to be difierent 
when they were viewed through a telescope. New- 
ton replied with great patience and good temper to 
both. 

The series was closed, in IJ^t by the work of 
an Italian author, Rizetti, who, in like manner, 
called in question the accuracy of experiments which 
he himself had not been able to repeat. Newton 
was now no more, but Desaguliers, in consequence 
of Rizetti's doubts, instituted a series of experi- 
ments which seemed to set the matter entirely at 
rest. These experiments are described in the Phi- 
losophical Transactions for 1728. 

An inference which Newton had immediately 
drawn from the discoveries above described was, 
that the great source of imperfection in the refract- 
ing telescope was the different refrangibility of the 
rays of light, and that there were stronger reasons 
than either Mersenne or Gregory had suspected, 
for looking to reflection for the improvement of 

* Montucla^ Tom. II. 
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optical instruments. It was evident, from the dif* 
ferent refrangibilitj of light> that the r^ys coming 
from the same point of an object, wh^ decom- 
posed by the refraction of a lens, must converge to 
different foci ; the red rays, for example, to a point 
more distant from the lens, and the violet to one 
nearer by about a fifty-fourth part of the focal dis« 
tance. Hence it was not merely from the aberra- 
tion of the rays caused by the spherical figure of 
the lens that the imperfection of the images formed 
by refraction arose, but from the very nature of re- 
fraction itself. It was evident, at the same time, 
that in a combination of lenses with opposite figures* 
one convex, for instance, and another concave* 
there was a tendency of the two contrary disper- 
sions to correct one another. But it appeared to 
Newton, on examining different refracting sub* 
stances, that the dispersion of the coloured rays 
never could be corrected except when the refrac*- 
tion itself was entirely destroyed, for he thought he 
h^ discovered that the quantity of the refraction 
and of the dispersion in different substances bore 
always the same proportion to one another. This 
is one of the few instances in which his condusions 
have not been confirmed by subsequent experiment; 
and it will, accordingly, fall under discussion in 
another part of this discourse. 

Having taken the resolution of constructing a re- 
flecting telescope, he set about doing so with his 
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own hands. There was, indeed, at that time, no 
other means by which such a work could be ac- 
complished ; the art of the ordinary glass-grinder 
not being sufficient' to give to metallic specula the 
polish which was required. It was on this account 
that Gregory had entirely failed in realizing his 
very ingenious optical invention. 

Newton, however, himself possessed excellent 
hands for mechanical operations, and could use 
them to better purpose than is common with men 
so much immersed in deep and abstract specula- 
tion. It appears, indeed, that mechanical inven- 
tion was one of the powers of his mind which began 
to unfold itself at a very early period. In some 
ktters subjoined to a Memoir drawn up after his 
death by his nephew Conduit, it is said, that, when 
a boy, Newton used to amuse himself with con- 
structing machines, mills, &c. on a small scale, in 
which he displayed great ingenuity ; and it is pro* 
bable that he then acquired that use of his hands 
which is so difficult to be learned at a later period. 
To this, probably, we owe the neatness and inge- 
nuity with which the optical experiments above re- 
ferred to were contrived and executed,— experi- 
ments of so difficult a nature, that any error in the 
manipulation would easily defeat the effect, and 
appears actually to have done so with many of those 
who objected to his experiments. * 

* The Memoir of Conduit was sent to Fontenelle when 

19 
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He succeeded peifectly m the construction of 
bis telescope, and his first communication with 
Oldenburg, and the first reference to his optical 

he WB8 preparing the Eioge on Newton^ but he seems to 
have paid little attention to it, and has passed over the early 
part of his life with the remark, that one may apply to him 
what Lucan says of the Nile, that it has not been '^ per- 
mitted to mortals to see that river in a feeble state." If the 
letters above referred to had formed a part of this commu- 
nication, I think the Secretary of the Academy would have 
sacrificed a fine comparison to an instructive fact In other 
respects Conduit's Memoir did not convey much information 
that could be of use. His instructions to Fontenelle are cu- 

• rious enough ; he bids him be sure to state, that Leibnitz 
had borrowed the Differential Calculus from the Method of 
Fluxions. He conjured him in another place not to omit 
to mention, that Queen Caroline used to delight much ia 

' the conversation of Newton, and nothing could do more 
honour to Newton than the commendation of a Queen, the 
Minerva of her age. Fontenelle was too much a philoso- 
pher, and a man of the world, (and had himself approached 
too near to the persons of princes,) to be of Mr Conduit's 
opinion, or to think that the approbation of the most i]lu»- 
trioug princess could add dignity to the man who had made 
the three greatest discoveries yet known, and in whose 
hands the sciences of Geometry, Optics, and Astronomy, 
had all taken new forms. If he had been called to write 
the Eioge of the Queen of England, he would, no doubt^ 
have remarked her relish for the conversation of Newton. 

On the whole, the Eioge on Newton has great merit, and, 
to be the work of one who was at bottom a Cartesian, is a 
singular example of candour and impartiality. 
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experiments, is connected with tlie constructioii of 
this instrument, and mentioned in a letter dated 
the 11th January 167^* He had then been pro* 
posed as a member of the Royal Society by the 
Bishop of Sarum, and he says, *' If the honour of 
being a member of the Society shall be conferred 
on me, I shall endeavour to testify my gratitude by 
communicating what my poor and solitary endea- 
vours can effect toward the promoting its philoso* 
phical designs." * Such was the modesty of the 
man who was to effect a greater revolution in the 
state of our knowledge of nature than any indivi- 
dual had yet done, and greater, perhaps, than any 
individual is ever destined to bring about. Sue* 
cess, however, never altered the temper in which 
he began his researches. 

Newton, after considering the reflection and re- 
fraction of light, proceeded, in the third and last 
Book of his Optics, to treat of its inflectiony a sub- 
ject which, as has been remarked in the former 
part of this discourse, was first treated of by Gri- 
maldi. Newton having admitted a ray of light 
through a hole in a window-shutter into a dark 
chamber, made it pass by the edge of a knife, or, 
in some experiments, between the edges of two 
knives, fixed parallel, and very near to one another ; 
and, by receiving the light on a sheet of paper at 



* Birch's Hiatory of the Royal Society, Vol. III. p. 3. 



384 MATHEMATICAL ANB 

diflfereut dutances behind the knives, he observed 
the coloured fringes which had been described by 
the Italian optician, and, on examination, foundt 
that the rays had been acted on in passing the 
knife edges both by repulsive and attractive forces, 
and had b^un to be so acted on in a sensible de- 
gree when they were yet distant by ~ of an inch 
from the edges of the knives. His experiments, 
however, on this subject were interrupted, as he 
informs us, and do not appear to have been after- 
wards resumed. They enabled him, however, to 
draw this conclusion, that the path of the ray in 
passing by the knife edge was bent in opposite di- 
rections, so as to form a serpentine . line, convex 
and concave toward the knife, according to the 
repulsive or attractive forces which acted at differ- 
ent distances ; that it was also reasonable to con- 
clude, that the phenomena of the refraction, reflec- 
tion, and inflection of light, were all produced by 
the same force variously modified, and that they 
did not arise from the actual contact or collision of 
the particles of light with the particles of bodies. 

The Third Book of the Optics concludes with 
those celebrated Queries which carry the mind so 
far beyond the bounds of ordinary speculation, 
though still with the support and under, the direc- 
tion eidier of direct experiment or dose analogy. 
They are a collection of propositions relative chief- 
ly to the nature of the mutual action of light and 
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of bodies on one another, sach as appeared to the 
author highly probable, yet wanting such complete 
evid^ice as might entitle them to be admitted as 
principles established. Such enlarged and com- 
prehensive views, so many new and bold concep- 
tions, were never before combined with the sobriety 
and caution of philosophical induction. The anti- 
cipation of future discoveries, the assemblage of so 
many facts from the most distant regions of human 
research, all brought to bear on the same points, 
and to elucidate the same questions, are never to 
be sufficiently admired. At the moment when 
they speared, they must have produced a wonder- 
ful sensation in the philosophic world, unless, in- 
deed, they advanced too far before the age, and 
contained too much which the comment of time 
was yet required to elucidate. 

It is in the Queries that we meet with the ideas 
of this philosopher concerning the Elastic Ether^ 
which be conceived to be the means of conveying 
the action of bodies from one part of the universe 
to another, and to which the phenomena of light, 
of heat, of gravitation, are to be ascribed. Here 
we have his conclusions concerning that polarity or 
peculiar virtue residing in the opposite sides of the 
rays of light, which he deduced from the enigma- 
tical phenomena of doubly refracting crystals. 
Here, also, the first step is made toward the doc- 
trine of elective attractions or of chemical affinity, 

VOL. II. B b 



SS6 MATHEMATICAL AND 

and to tbe notion, that the phenomena of chemia- 
try, as well as of cohesion, depend on the alternate 
attractions and repulsions existing between the 
particles of bodies at different distances. The 
. comparison of the gradual transition from repulsion 
to attraction at those distances, with the positiTe 
and negative quantities in algebra, was fii^ sug- 
gested here, and is the same idea which the inge- 
nuity of Boscovich afterwards expanded into such 
a beautiful and complete system. Others who 
have attempted such flights had ended in mere fic- 
tion and romance ; it is only for such men as 
Bacon or Newton to soar beyond the r^'on of po- 
etical fiction, stUl keeping sight of probability, and 
alighting again safe on the terra Jirma of philoso- 
phic truth. * 

" The optical works of Newton are not often to be found 
all brought together into one body. The first part oi them 
consists of the papers in the Philosophical Transactions, 
which gave the earliest account of his discoveries, and which 
have been already referred to. They are in the form cyf 
Letters to Oldenburg, the Secretary of the Society, as are 
also the answers, to Hooke, and the others who objected to 
these discoveries ; the whole forming a most interesting and 
valuable series which Dr Horsley has published in the 
fourth volume of his edition of Newton's works, under the 
title of Letters relating to the Theory of Light and Colours. 
The next work, in point of time, consists of the Lecdones 
Opticas, or the optical lectures which the author delivered at 
Cambridge. The Optics, in three books, is the last and 
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Section IV. 
ASTRONOMY. 

The time was now come when the world was to 
be enlightened by a new science, arising out of the 
comparison of the phenomena of motion as obser- 
ved in the heavens, with the laws of motion as 
known on the earth. Physical astronomy was the 
result of this comparison, a science embracing 
greater objects, and destined for a higher flight 
than any other branch of natural knowledge. It 
is unnecessary to observe, that it was by Newton 
that the comparison just referred to was instituted, 
and the riches of the new science unfolded to 
mankind. 

This young philosopher, already signalized by 
great discoveries, had scarcely reached the age of 
twenty-four, when a great public calamity forced 
him into the situation where the first step in the 
new science is said to have been suggested ; and 
that, by some of those common appearances in 

moat complete^ containing all the reasoning concerning opti- 
cal phenomena above referred to. The first edition was in 
1704, the second, with additions, iu 171 7« Newtoni Opera, 
Tom. IV. Horsley's edition. 
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which an ordinary man sees nothing to draw his at- 
tention, nor eren the man of genius, except at 
those moments of inspiration when the mind sees 
farthest into the intellectual world. In 1666, the 
plague forced him to retire from Cambridge into 
the country ; and, as he sat one day alone, in a 
garden, musing on the nature of the mysterious 
force by which the phenomena at the earth's sur- 
face are so much regulated, he observed the apj^ 
falling spontaneoudy from the trees, and the 
thought occurred to him, since gravity is a tenden- 
cy not confined to bodies on the very surface of 
the earth, but since it reaches to the tops of trees, 
to the tops of the highest buildings, nay, to the 
summits of the most lofly mountains, without its 
intensity or direction suflEering any sensible change, 
Why may it not reach to a much greater distance, 
and even to the moon itself ? And, if so, may not 
the moon be retained in her orbit by gravity, and 
forced to describe a curve like a projectile at the 
surface of the earth ? * 

Here another consideration very naturally oc- 
curred. Though gravity be not sensibly weaken- 
ed at the small distances from the surf3M;e to 
which our experiments extend, it may be weaken- 
ed at greater distances, and at the moon may be 
greatly diminished. To estimate the quantity of 
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this diminution Newton appears to have reasoned 
thus : If the moon be retained in her orbit by her 
gravitation to the earth, it is probable that the 
[Janets are, in like manner, carried round the sun 
by a power of the same kind with gravity, directed 
to the centre of that luminary. He proceeded, 
therefore, to inquire, by what law the tendency, 
or gravitation of the planets to the sun must dimi- 
nish, in order that, describing, as they do, orbits 
nearly circular round the sun, their times of revo- 
lution and their distances may have the relation to 
one another which they are known to have from 
observation, or from the third law of Kepler* 

This was an , investigation which, to most even 
of the philosophers and mathematicians of that age, 
would have proved an insurmountable obstacle to 
their farther progress ; but Newton was too fami- 
liar with the geometry of evanescent or infinitely 
small quantities, not to discover very soon, that 
the law now referred to would require the force of 
gravity to diminish exactly as the square of the 
distance increased. The moon, therefore, being . 
distant from the earth about sixty semidiameters 
of the earth, the force of gravity at that distance 
must be reduced to the d600th part of what it is at 
the earth's surface. Was the deflection of the 
moon then from the tangent of her orbit, in a se- 
cond of time, just the 3600th part of the distance 
which a heavy body falls in a second at the surface 
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of the earth ? This was a question that could be 
precisely answered, supposing the moon's distance 
known not merely in semidiameters of the earth 
but in feet, and her angular velocity, or the time 
of her revolution in her orbit, to be also known. 

In this calculation, however, being at a distance 
from books, he took the common estimation of the 
earth's circumference that was in use before* the 
measurement of Norwood, or of the French Aca* 
demicians, according to which, a degree is held 
equal to 60 English miles. This being in reality 
a very erroneous supposition, the result of the cal- 
culation did not represent the force as adequate to 
the supposed effect ; whence Newton concluded 
that some other cause than gravity must act on the 
moon, and on that account he laid aside, for the 
time, all farther speculation on the subject. It 
was in the true spirit of philosophy that he so 
readily gave up an hypothesis, in which he could 
not but feel some interest, the moment he found it 
at variance with observation. He was sensible 
that nothing but the exact coincidence of the things 
compared could establish the conclusion he meant 
to deduce, or authorize him to proceed with the 
superstructure, for which it was to serve as the 
foundation. 

It appears, that it was not till some years after 
this that his attention was called to the same sub- 
ject, by a letter from Dr Hooke, proposing, as a 
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queslioot To determine the line in which a body let 
fall from a height descends to the ground, taking 
into consideration the motion of the earth on its 
axis. Thk induced him to resume the subject of 
the moon's motion ; and the measure of a degree 
by Noi'wood having now furnished more exact da- 
ta, he found that his calculation gave the precise 
quantity for the moon's momentary deflection from 
the tangent of her orbit, which was deduced from 
astronomical observation. The moon, therefore^ 
has a tendency to descend toward the earth from 
the same cause that a stone at its surface has ; and 
if the descent of the stone in a second be dimi« 
nished in the ratio of 1 to 3600, it will give the 
quantity by which the moon descends in a second, 
below the tangent to her orbit, and thus is obtain- 
ed an experimental proof of the fact, that gravity 
decreases as the square of the distance increases. 
He had already found that the times of the plane* 
tary revolutions, supposing their orbits to be circu- 
lar, led to the same conclusion ; and he now pro- 
ceeded, with a view to the solution of Hooke's 
problem, to inquire what their orbits must be, sup- 
posing the centripetal force to be inversely as the 
square of the distance, and the initial or projectile 
force to be any whatsoever. On this subject Pem- 
berton says, he composed (as he calls it) a dozen 
propositions, which probably were the same with 
those in the beginning of the Principia, — such as 
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die deflcription of equal artes in equal time^ about 
the centre of force» and the elliptkity of the orfaits 
described under the influence of a centripetal force 
that varied invenely as the square of the distances. 

What seems very difficult to be explained is, 
that, after having made trial of his strength, and of 
the power of the instruments of investigation which 
be was now in possession of, and had entered by 
means of them on the noblest and most magnificent 
field of investigation that was ever yet opened to 
any of the human race^ he again desisted firom the 
pursuit, so that it was not till several years after- 
wards that the conversation of Dr Halley, who 
made him a visit at Cambridge, induced him to 
resume and extend his researches. 

He then found, that the three great fiu^ in as- 
tronomy, which form the laws of Ke^er, gave the 
most comjdete evidence to the system of gravita^ 
tion. Tbe first of them, the proportionality of the 
areas described by the radius vectw to the times 
in which they are described, is the peculiar cha- 
racter of the motions produced by an original im- 
pulse impressed on a body, combined with a cen- 
tripetal force continually ui^ing it to a given cen- 
tre. The second law, that the planets describe 
ellipses, having the sun in one of the foci, common 
to them all, coincides with this proposition, that a 
body under the influence of a centripetal force, vary- 
ing as the square of the distance inversely, and hav- 
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iiig anyprojectile force whatever originally impreMed 
on it, must describe a conic section having one focus 
in the centre of force, which section, if the project 
tile force does not exceed a certain limit, will be- 
come an ellipse. The third law, that the squares 
of the periodic times are as the cubes of the dis- 
tances, is a property which belongs to the bodies 
describing elliptic orbits under the conditions just 
stated. Thus the three great truths to which the 
astronomy of the planets had been reduced by Kep» 
ler, were all explained in the most satisfactory 
manner, by the supposition that the planets gravi- 
tate to the sun with a force which varies in the in- 
verse ratio of the square of the distances. It add* 
ed much to this evidence, that the observations of 
Cassini had proved the same laws to prevail among 
the satellites of Jupiter. 

But did the principle which appeared thus to 
unite the great bodies of the universe act only on 
those bodies ? Did it reside merely in their cen* 
tres, or was it a force common to all the particles 
of matter ? Was it a fact that every partide of 
matter had a tendency to unite witl^ every other ? 
Or was that tendency directed only to particuhr 
centres ? It could hardly be doubted that the ten- 
dency was common to all the particles of matter* 
The centres of the great bodies had no properties 
as mathematical points, they had none but what 

they derived from the material particles distributed 

11 
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around them. But the question admitted of being' 
brought to a better test than that of such general 
reasoning as the preceding. The bodies between 
which this tendency had been observed to take 
place were all round bodies, and either spherical or 
nearly so, but whether great or small, they seemed 
to gravitate toward one another according to the 
same law. The planets gravitated to the sun, the 
moon to the earth, the satellites of Jupiter toward 
Jupiter ; and gravity, in all these instances, varied 
inversely as the squares of the distances. Were 
the bodies ever so small — ^were they mere particles — 
provided only they were round, it was therefore 
safe to infer, that they would tend to unite with 
forces inversely as the squares of the distances. It 
was probable, then, that gravity was the mutual 
tendency of all the particles of matter toward one 
another; but this could not be concluded with 
certainty, till it was found, whether great spherical 
bodies composed of particles gravitating according 
to this law, would themselves gravitate according to 
the same. Perhaps no man of that age but Newton 
himself was fit to undertake the solution of this pro- 
blem. His analysis, either in the form of fluxions or 
in that of prime and ultimate ratios, was able to re- 
duce it to the quadrature of curves, and he then 
found, no doubt infinitely to his satisfaction, that 
the law was the same for the sphere as for the par- 
ticles which compose it ; that the gravitation was 
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directed to the centre of the sphere, and was as the 
quantity of matter contained in it, divided by the 
square of the distance from its centre. Thus a 
complete expression was obtained for the kw of 
gravity, involving both the conditions on which it 
must depend, the quantity of matter in the gravi- 
tating bodies, and the distance at which the bodies 
were placed. There could be no doubt that this 
tendency was always mutual, as there appeared no-* 
where any exception to the rule that action and re- 
action are equal ; so that if a stone gravitated to 
the earth, the earth gravitated equally to the stone ; 
that is to say, that the two bodies tended to ap« 
proach one another with velocities which were in- 
versely as their quantities of matter. * There ap- 
peared to be no limit to the distance to which this 
action reached ; it was a force that united all the 
parts of matter to one another, and if it appeared 
to be particularly directed to certain points, such 
as the centres of the sun or of the planets, it was 
only on account of the quantity of matter collected 
and distributed uniformly round those points, 
through which, therefore, the force resulting from 

* If M and M are the masses of two spheres^ aod x the 

t M-fM' 
distance of their oeotres, • — is the accelerating force 

with which they tend to unite ; but the velocity of the ap- 

M' ' M 

proach of M will be —r^ and of M'-^-* 
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the oompositiou of all those elements must pass 
either accurately or nearly. 

A remarkable inference was deduced from thk 
▼lew of the planetary motions, giving a deep in- 
sight into the constitution of onr system in a mat- 
ter that seems the most recondite, and the furthest 
beyond the sphere which necessarily circumscribes 
human knowledge. I'he quantity of matter, and 
even the density of the planets, was determined. 
We have seen how Newton compared the intensity 
of gravitation at the surface of the earth, with 
its intensity at the moon, and by a c(nnputi^ioii 
somewhat similar, he compared the intensity of the 
earth's gravitation to the sun, with the moon's gra- 
vitation to the earth, each being measured by the 
contemporaneous and momentary deflexion from a 
tangent to the small arch of its orbit. A more de- 
tailed investigation showed that the intensity of the 
central force in dififerent orbits, is as the mean dis- 
tance divided by the square of the periodic time ; 
and the same intensity bemg also as the quantities 
of matter divided by the squares of the distances, it 
fbUowsy that these two quotients are equal to one 
another, and that, therefore, the quantities of mat- 
ter are as the mean distances divided by the squares 
of the periodic times. Supposing, therefore, in 
the instance just mentioned, that the ratio of the 
mean distance of the sun from the earth to the 
mean distance of the moon from the earth is given, 
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(whidi it is from astronomical observation ;) as the 
ratio of their periodic lines is also known, the ratio 
of the qnantity of matter in the sun to the quantity 
of matter in the earth, of consequence is found, and 
the same holds good for all the planets which have 
satellites moving round them. Nothing certainly 
can be more unexpected than that the quantities of 
matter in bodies so remote, should admit of being 
compared with one another, and with the earth. 
Hoioe also their mean densities, or mean specific 
gravities, became known. For from their distances 
and the angles they subtended, both known from 
observation, their magnitudes or cubical contents 
were easily inferred, and the densities of all bodies 
are, as their quantities of matter, divided by their 
magnitude. The Principia Philosophise Natural is, 
which contained all these discoveries, and establish- 
ed the principle of universal gravitation, was given 
to Ae world in 1 687f an sera, on that account, for 
ever memorable in the history of human knowledge. 
The principle of gravity which was thus fully es- 
tablished, and its greatest and most extensive con- 
seqnences deduced, was not now mentioned for the 
fint time, though for the first time its existence as 
a fact was ascertained, and the law it observes was 
discovered. Besides some curious references to 
weight and gravity, contained in the writings 
of the ancients, we find something more precise 
concerning it in the writings of Copernicus, Kep- 
ler, and Hooke. 
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Anaxagoras is said to have held that '' the hea- 
vens are kept in their pkce by the rapidity of their 
revolution, and would fall down if that rapidity 
were to cease.'' * 

Plutarch, in like manner, says, the moon is kept 
from falling by the rapidity of her motion, just as a 
stone whirled round in a sling is prevented from 
falling to the ground, t 

Lucretius, reasoning probably after Democritus, 
holds, that the atoms would all, from their gravity, 
have long since united in the centre of the universe, 
if the universe were not infinite so as to have no 
centre, t 

An observation of Pythagoras, supposed to refer 
to the doctrine of gravity, though in reality ex- 
tremely vague, has been abundantly commented on 
by Gregory and Maclaurin. A musical string, 
said that philosopher, gives the same sound with 
another of twice the length, if the latter be strait- 
ened by four times the weight that straitens the 
former ; and the gravity of a planet is four times 
that of another which is at twice the distance. 
These are the most precise notices, as far as I 
know, that exist in the writings of the ancients con- 
cemmg gravity as a force acting on terrestrial bo. 
dies, or as extending even to those that are more 

* Ccelum onme vehementi circuitu constare^ alias r^mis- 
sione lapsurum. (Diag. Laert. in Anax. Lib. II. Sect 12.) 
t De facie in Orbe Lunie. i Lib. I. v. 9^3. 

11 
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distant. They are the reveiies of ingenious men 
who had no . steady principles deduced from expe- 
rience and observation to direct their inquiries ; 
and who, even when in their conjectures they hit 
on the truth, could hardly (distinguish it from error. 

Copernicus, as might be expected, is considerably 
more precise. ** I do not think," says he, ** that 
gravity is anything but a natural appetency of the 
parts (of the earth) given by the providence of the 
Supreme Being, that, by uniting together, they 
may assume the form of a globe. It is probable, 
that this same aflPection belongs to the sun, the moon, 
and the fixed stars, which all are of a round form." * 

The power which Copernicus here speaks of has 
nothing to do, in his opinion, with the revolutions 
of the earth or the planets in their different orbits^ 
It is merely intended as an explanation of their glq* 
bular forms, and the consideration that does the au- 
thor most credit is, that of supposing the force to be- 
long, notto the centre, but to all the parts of the earth. 

Kepler, in his immortal work on the Motions of 
Mars, treats of gravity as a force acting naturally 
from planet to planet, ^ and particularly from the 
earth to the moon. ** If the moon and the earth 
were not retained by some animal or other equiva- 
lent force each in its orbit, the earth would asJDend 
to the moon by a 54th part of the interval between 

• Revolutionum^ Lib. I. Cap. IX. p. 17. 
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thenit while the moon moved over the remaining 58 
ports, that is, supposing them both of the same 
density/^ * This passage is curious, as dispkying 
a singular mixture of knowledge and error on the 
subject of the planetary motions. The tendency 
of the earth and moon being mutual, and producing 
equal quantities of motion in those bodies, bespeaks 
an accurate knowledge of the nature of that tenden^ 
cy, and of the equality, at least in this instimce, be- 
tween action and reactidta. Then, again, the idea 
of an animal force or some other equally unintelli- 
gible power being necessary to carry on the circu* 
lar motion, and to prevent the bodies from moving 
directly toward each other, is very strange ; consi- 
dering that Kepler knew the inertia of matter, and 
ought, therefore, to have understood the nature of 
centrifugal force, and its power to counteract the 
mutual gravitations of the two bodies. In this re- 
spect, the great astronomer who was lajring the 
foundation of all that is known of the heavens, was 
not so far advanced as Anaxagoras and Plutarch ; 
— so slow and unequal are the steps by which sci- 
ence advances to perfection. The mutual gravity 
of the earth and moon is not supposed by Kepler to 
have any concern in the production of their circular 
motions ; yet he holds the tides to be produced by 

* On tliat supposition their quantities of matter would be 
as their bulks^ or as 1 to 53. 
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the gravitation of the waters of the sea toward the 
moon** 

The length to which Galileo advanced in this 
direction, and the point at which he stopped, are 
no less curious to be remarked. Though so well 
acquainted with the nature of gravity on the earth's 
surface, — the object of so many of his researches 
and discoveries,-— and though He conceived it to ex- 
ist in all the planets, nay, in all the celestial bodies, 
and to be the cause of their round figure, he did 
not believe it to be a power that extended from one 
of those bodies to another. He seems to have 
thought that gravity was a principle which regulat- 
ed the domestic economy of each particular body, 
but had nothing to do with their external relations ; 
so that he censured Kepler for supposing, that the 
phenomena of the tides are produced by the gravi- 
tation of the waters of the ocean to the moon, t 

Hooke did not stop short in the same unaccount- 
able manner, but made a nearer approach to the 
truth than any one had yet done. In his attempt 
to prove the motion of the earth, published in 
1674, he lays it down as the principle on which the 
celestial motions are to be explained, that the hea- 
venly bodies have an attraction or gravitation Uh- 
ward their own centres, which extends to other bo- 



* Astronomia Stellae Martis. Introd. Parag. 8. 
t Dial. 4to. Tom. IV. p. 3^5, Ediz. di Padova. 
VOL. II. C C 
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dies' within the spnere of their activity ; and that all 
bodies would move in straight lines, if some force 
like this did not act on them continually, and com- 
pel them to describe circles, ellipses, or other curve 
lines. The force of gravity, also, he considered as 
greatest nearest the body, though the law of its va- 
riation he could not determine. These are great 
advances ; — ^though, from his mention of the sphere 
of activity, from his considering the force as resid- 
ing in the centre, and from his ignorance of the 
law which it observed, it is evident, that beside 
great vagueness, there was much error in his no- 
tions about gravity. Hooke, however, whose can- 
dour and uprightness bore no proportion to the 
strength of his understanding, was disingenuous 
enough, when Newton had determined that law, to 
lay claim himself to the discovery*. 

This is the farthest advance that the knowledge 
of the cause of the celestial motions had made be- 
fore the investigations of Newton ; it is the precise 
point at which this knowledge had stopped ; hav- 
ing met with a resistance which required a mathe- 
matician armed with all the powers of the new ana- 
lysis to overcome. The doctrine of gravity was 
yet no more than a conjecture, of the truth or false- 
hood of which the measurements and reasonings of 
geometry could alone determine. 

Thus, then, we are enabled accurately to per- 
ceive in what Newton's discoveiy consisted. It 

11 
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was in giving the evidence of demonstration to a 
principle which a few sagacious men had been suf- 
ficiently sharp-sighted to see obscurely or inaccu- 
rately, and to propose as a mere conjecture. In 
the history of human knowledge, there is hardly 
any discovery to which some gradual approaches 
had not been made before it was completely brought 
to light. To have found out the means of giving 
certainty to the thing asserted, or of disproving it 
entirely ; and, when the reality of the principle was 
found out, to measure its quantity, to ascertain its 
laws, and to trace their consequences with mathe- 
matical precision, — in this consists the great diffi- 
culty and the great merit of such a discovery as that 
which is now before us. In this Newton had no 
competitor : envy was forced to acknowledge that 
he had no rivfti, and consoled itself with supposing 
that he had no judge. 

Of all the physical principles that have yet been 
made known, there is none so fruitful in conse- 
quences as that of gravitation ; but the same skill 
that had directed Newton to the discovery was ne- 
cessary to enable him to trace its consequences. 

The mutual gravitation of all bodies being ad- 
mitted, it was evident, that while the planets were 
describing their orbits round the greatest and most 
powerful body in the system, they must mutually 
attract one another, and thence, in their revolutions, 
some irregularities, some deviations from the de- 
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acriptkm of equal areas in equal times, and fram 
the laws of the elliptic motion might be expected* 
Such irregularitiesy howeter, had notl>een obsorr^- 
ed at that time in the motion of any of the planets^ 
except the moon, where some of them were so oon- 
q^cuous as to have been known to Hipparchus and 
Ptolemy. Newton, therefore, was very naturally 
led to inquire what the different forces were, which, 
according to the laws just established, could pro* 
duce irregularities in the case of the moon's mo* 
tion. Beside the force of the earth, or rather of 
the mutual gravitation of the moon and earth, the 
moon must be acted on by the sun ; and the same 
lorce which was sufficient to bend the orbit of the 
Mrth into an ellipse, could not but have a sensible 
eflfect on the orbit of the moon« Here Newton im« 
mediately observed, that it is not the whole of the 
force which the sun exerts on the moon that dis« 
tnrbs her motion round the earth, but only the dif- 
ference between the force just mentioned, andthat 
which the sun exerts on the earth, — ^for it is only 
that difference that affects the relative positions of 
the two bodies. To have exact measures of the 
disturbing forces, he supposed the entire force of 
the sun on the moon to be resolved into two, of 
which one always passed through the centre of the 
earth, and the other was always parallel to the line 
joiniiig the sun and earth,-*-* consequently, to the 
direction of the force of the sun on the eartk 
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The fanner of these forces betng directed to the 
centre of the earth» did not prevent the moon fiom 
describing equal areas in equal times round the 
earth. The effect of it on the whole, however, he 
diowed to be, to diminish the gravity of the moon 
to the earth by about one 858th part, and to inp 
crease her mean distance in the same proportion^ 
and her angular motion by about a 179th* 

From the moon thus gravitating to the centre of 
the earth, not by a (arte that is altogether inversdy 
as the square of the distance, but by such a force 
diminished by a small part that varies simply as the 
distance, it was found, from a very subtle investi« 
gation, that the dimensions of the elliptic orbit 
would not be sensibly changed, but that the orbit 
itself would be rendered moveable, its longer axia 
having an angular and progressive motion, by which 
it advanced over a certain are during each revolu* 
tion of the moon. This afforded an explanation of 
the motion of the apsides of the lunar orbit which 
had been observed to go forward at the rate of 
a? V, nearly, during the time of the moon's revo- 
lution, in respect of the fixed stars. 

This was a new proof of the reality of the prin* 
c^le of gravitation, which, however, was rendered 
less conclusive by the consideration that the exact 
quantity of the motion of the apsides observed, did 
not come out from the diminution of the moQii'^ 
gravity as above assigned. There was a sdrt of 
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cloud, dierefore, which hung over this point of the 
lunar theory, to dissipate which, required higher 
improvements in the calculus than it was given to 
the inventor himself to accomplish. It was not so 
with respect to another motion to which the plane 
of the lunar orbit is subject, a phenomenon which 
had been long known in consequence of its influ- 
ence on the eclipses of the sun and moon. This 
was the retrogradation of the line of nodes, amount- 
i|ig to 3' !(/' every day. Newton showed that the 
second of the forces into which the solar action ia 
resolved being exerted, not in the plane of the 
moon's orbit, but in that of the ecliptic, inclined to 
the former at an angle somewhat greater than five 
degrees, its e£Pect must be to draw down the moon 
to the plane of the ecliptic sooner than it would 
otherwise arrive at it ; in consequence of which, 
the intersection of the two planes would approach, 
as it were, toward the moon, or move in a direction 
opposite to that of the moon's motion, or become 
retrograde. From the quantity of the solar force, 
and the inclination of the moon's orbit, Newton 
determined the mean qi|antity of this retrognida* 
tion, as well as the irregularities to which it is sub- 
ject, and found both to agree very accurately with 
observation. 

Another of the lunar inequalities, — that discor 
vered by Tycho, and called by him the Variation^ 
which consists in the alternate acceleration and re* 
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tardatioD of the moon in each quarter of lier revo- 
lution, was accurately determined from theory, 
such as it is found by observation ; and the same 
is true as to the annual equation, which had been 
long confounded with the equation of time. With 
regard to the other inequalities, it does not appear 
that Newton attempted an exact determination of 
them, but satisfied himself with this general truth, 
that the principle of the sun's disturbing force led 
to the supposition of inequalities of the same kind 
with those actually observed, though whether of 
the same exact quantity it must be difficult to de- 
termine. It was reserved, indeed, for a more per* 
feet state of the calculus to explain the whole of 
those irregularities, and to deduce their precise 
value from the theory of gravity. Theory has led 
to the knowledge of many inequalities, which ob- 
servation alone would have been unable to dis* 
cover. 

While Newton was thus so successfully occupied 
in tracing the action of gravity among those distant 
bodies, he did not, it may be supposed, neglect the 
consideration of its effects on the objects which are 
nearer us, and particularly on the Figure of the 
Earth. We have seen that, even with the limited 
views and imperfect information which Copernicus 
possessed on this subject, he ascribed the round 
figure of the earth and of the planets to the force 
of gravity residing in the particles of these bodies. 
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Newton» on the other hand, perceived that, in the 
earth, another force was combined with graTity, 
and that the figure resulting from that combination 
could not be exactly spherical* Tlie diurnal reyo- 
lution of the earth, he knew, must produce a cen- 
trifugal force, which would act most powerfully on 
the parts most distant from the axis. The amount 
of this centrifugal force is greatest at the equator, 
and being measured by the momentary recess of 
any point from tl|e tangent, which was known from 
the earth's rotation, it could be compared with the 
force of gravity at the same place, measured in like 
manner by the descent of a heavy body in the first 
moment of its fall. When Newton made this com-i 
parison, he found that the centrifugal force at the 
equator is the 289th part of gravity, diminishing 
continually as the cosine of the latitude, on going 
from thence toward the poles, where it ceases alto? 
gether. From the combination of this force, 
though small, with the force of gravity, it follows, 
that the line in which bodies actually gravitate, or 
the plumb-line, cannot tend exactly to the earth's 
centre, and that a true horizontal line, such as ia 
drawn by levelling, if continued from either pde, 
in the plane of a meridian all round the earth, 
would not be a circle but an ellipse, having its 
greatest axis in the [dane of the equator, and its 
least in the direction of the axis of the earth's ro- 
tation. Now, the surfiK^e of the ocean itself ac« 
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tually traces this level as it extends from the equa- 
tor to either pole. The terraqueous mass which 
we call the globe must therefore be what geometers 
call an oblate spheroid, or a solid generated by tne 
revolution of the elliptic meridian about its shorter 
ai^is. 

In order to determine the proportion of the axes 
of this spheroid, a problem, it will readily be be* 
Ueved, of no ordinary difficulty, Newton conceived, 
that if the waters at the pole and at the equator 
were to communicate by a canal through the inte* 
rior of the earth, one branch reachmg from the 
pole to the centre, and the other at right angles to 
it, from the centre to the circumference of the equa- 
tor, the water in this canal must be in eqmlibrio^ 
or the weight of fluid in the one branch just equal 
to that in the other. Including, then, the con- 
sideration of the centrifugal force which acted on 
one of the branches but not on the other, and con- 
sidering, too, that the figure of the mass being no 
longer a sphere, the attraction must not be suppos- 
ed to be directed to the centre, but must be con- 
sidered as the result of the action of all .the par- 
ticles of the spheroid on the fluid in the canals ; by 
a very subtle process of reasoning, Newton found 
that the longer of the two canals must be to the 
shorter as 2S0 to 9SQ. This, therefore, is the ra- 
tio of the radius of the equator to the polar semi* 
axis, their difference amounting, according to tl;e 
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dimensions then assigned to the earth, to about IJ^- 
English miles* In this investigation, the earth 19 
€nderstood to be homogeneous, or everywhere of the 
same density. 

It is very remarkable, that though the ingenious 
and profound reasoning on which this conclusion 
rests is not entirely above objection, and assumes 
some things without sufficient proof, yet, when 
these defects were corrected in the new investiga- 
tions of Madaurin and Clairaut, the conclusion, 
supposing the earth homogeneous, remained exactly 
the same. The sagacity of Newton, like the Ge- 
nius of Socrates, seemed sometimes to inspire him 
with wisdom from an invisible source. By a pro- 
found study of nature, her laws, her analogies, and 
her resources, he seems to have acquired the same 
sort of tact or feeling in matters of science, that 
experienced engineers and other artists sometimes 
acquire in matters of practice, by which they are of- 
ten directed right, when they can scarcely describe 
in words the principle on which they proceed. 

From the figure of the earth thus determined, 
he showed that the intensity of gravity at any point 
of the surface, is inversely as the distance of that 
point from the centre ; and its increase, therefore, 
on going from the equator to the poles, is as the 
square of the sine of the latitude, the same ratio in 
which the degrees of the meridian increase. * A& 

• Priiicip. Lib. III. Trop. 20. 
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the intensity of gravity diminished on going from 
the poles to the equator, or from the higher to the 
lower latitudes, it followed, that a pendulum of a 
given length would vibrate slower when carried 
from Europe into the torrid zone. The observa- 
tions of the two French astronomers, Varin and 
De Hayes, made at Cayenne and Martinique, had 
already confirmed this conclusion. 

The problem which Newton had thus resolved 
enabled him to resolve one of still greater difficul- 
ty. The precession, that is, the retrogradation of 
the equinoctial points, had been long known to 
astronomers ; its rate had been measured by a com* 
parison of ancient and modem observations, and 
found to amount nearly to 50" annually, so as to 
complete an entire revolution of the heavens in 
25,920 years. Nothing seemed more difficult to 
explain than this phenomenon, and no idea of as- 
signing a physical or mechanical cause for it had 
yet occurred, I believe, to the boldest and most 
theoretical astronomer. The honour of assigning 
the true cause was reserved for the most cautious 
of philosophers. He was directed to this l)y a cer- 
tain analogy observed between the precession of the 
equinoxes and the retrogradation of the moon's 
nodes, a phenomenon to which his calculus had been 
already successfully applied. The spheroidal shell 
or ring of matter which surrounds the earth, as we 
have just seen, in the direction of the equator, be- 
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ing one half above the plane oi the ecliptic and the 
other half below, is subjected to the action of the 
solar force, the tendency of which is to make thia 
ring turn on the line of its intersection with the 
ecliptic, so as ultimately to coincide with the plane 
of that circle. This, accordingly, would have hap- 
pened long since, if the earth had not revolved on 
its axis. The effect of the rotation of the sphe- 
roidal ring from west to east, at the same time that 
it is drawn down toward the plane of the ecliptac» 
is to preserve the inclination of these two planes 
unchanged, but to make their intersection move in 
a direction opposite to that ci the diurnal rotation, 
that is, from east to west, or contrary to the order 
of the signs. 

The calculus in its result justified this general 
GondunoD ; 10^ appeared the part of the efibct 
due to the moon's attraction, 40^ to the attraction 
of the sun ; and I know not if there be any thing 
respecting the constitution of our system, in which 
this great philosopher gave a stronger proof of hia 
sagacity and penetration, than in the explaniktioti 
of this phenomenon. The truth, however, is, that 
his data for resolving the problem were in some de« 
gree imperfect, all the circumstances were not in* 
eluded, and som^ were erroneously applied, yet tha 
great principle and scope of the solution were 
right, and the approximation r&ry near to the 
truth. <* II a ete bien servi par son g6nie/^ 
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isys the eloquent and judicious historian of astro- 
nomy j '* I'inspiration de cette faculte divine lui 
a fiut apercevoir des determinations, qui n'etoient 
pas encore accessibles ; soit qu'il eiit des preuves 
qu'il a supprimSes, soit qu^il eut dans V esprit un 
sorte (Testimei vine espice de balance pour ap^ 
prouver certaines vMtes^ en pesant les veritis 
prochaineSy etjugeant les unes par les autres.^' * 
It was reserved for a more advanced condition 
of the new analysis, to give to the solution of this 
problem all the accuracy of which it is susceptible. 
It is a part, and a distinguishing part, of the glory 
of this system, that it was susceptible of more per- 
fection than it received from the hands of the au- 
thor ; and that the century and a half which has 
nearly elapsed since the first discovery of it has 
been continually adding to its perfection. This 
character belongs to a system which has truth and 
naturo for its basis, and had not been exhibited in 
any of the physical theories that had yet appeared 
in the world. The phiksop&y of Plato and Ari- 
stotle were never more perfect than when they 
came from the hands of their respective authors, 
and a l^on of commentators, with all their efibrts, 
did nothing but run round perpetually in the same 
eircle. £ven Descartes, though he had recourse 
tq physical principles, and tried to fix his system 

• BaiUy, H«t de fAatfon. Mod. Tom- II. Vcm xii. § 28. 



414 MATHEMATICAL AND 

on a firmer basis than the mere abstractions of the 
mind, left behind him a work which not only could 
not be improved, but was such, that every addition 
attempted to be made destroyed the equilibrium of 
the mass, and pulled away the part to which it was 
intended that it should be attached. The philoso- 
phy of Newton has proved susceptible of continual 
improvement; its theories have explained facts 
quite unknown to the author of it ; and the exer- 
tions of La Grange and La Place, at the distance 
of an hundred years, have perfected a work which 
it was not for any of the human race to begin and 
to complete. 

Newton next turned his attention to the pheno- 
mena of the Tides, the dependence of which on 
the moon, and in part also on the sun, was suffi- 
ciently obvious even from common observation. 
That the moon is the prime ruler of the tide, is 
evident from the fact, that the high water, at any 
given place, occurs always nearly at the moment 
when the moon is on the same meridian, and that 
the retardation of the tide from day to day, is the 
same with the retardation of the moon in her diur- 
nal revolution. That the sun is also concerned in 
the production of the tides is evident from this, 
that the highest tides happen when the sun, the 
moon, and the earth, are all three in the. same 
straight line ; and that the lowest, or neap tides, 
happen when the lines drawn from the sun and 
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moon to the earth make right angles with one 
another. The eye of Newton, accustomed to ge- 
neralize and to penetrate beyond the surface of 
things, saw that the waters of the sea revolving 
with the earth, are nearly in the condition of a sa- 
tellite revolving about its primary ; and are liable 
to the same kind of disturbance from the attraction 
of a third body. The fact in the history of the 
tides which seems most difficult to be explained, 
received, on this supposition, a very easy solution, 
it is known, that high water always takes place in 
the hemisphere where the moon is, and in the op- 
posite hemisphere where the moon is not, nearly at 
the same time. This seems, at first sight, very un- 
like an effect of the moon's attraction ; for, though 
the water in the hemisphere where the moon is, 
and which, therefore, is nearest the moon, may be 
drawn up toward that body, the same ought not to 
happen in the opposite hemisphere, where the 
earth's surface is most distant from the moon. 
But if the action of the moon disturb the equi- 
librium of the ocean, just as the action of one pla- 
net disturbs the motion of a satellite moving round 
another, it is exactly what might be expected. It 
had been shown, that the moon, in conjunction 
with the sun, has her gravitation to the earth dimi- 
nished, and when in opposition to the sun, has it 
diminished very nearly by the same quantity, llie 
reason is, that at the conjunction, or the new moon. 
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the moon is drawn to the sun more than the earth 
is ; and that, at the opporition, or full moon, die 
earth is drawn toward the sun more than the moon 
nearly by the same quantity ; the relative motion 
of the two bodies is therefore affected the same 
way in both cases, and the gravity of the mo<m to 
the earth, or her tendency to descend toward it, is 
in both cases lessened. 

It is plain, that the action of the moon on the 
waters of the ocean must be regulated by the same 
principle. In the hemisphere where the moon is, 
the water is more drawn toward the moon than the 
mass of the earth is, and its gravity being lessened, 
the columns toward the middle of the hemisphere 
lengthen, in consequence of the pressure of the 
columns which are at a distance from the middle 
point, of which the weight is less diminished, and 
towards the horizon must even be increased. In 
the opposite hemisphere, again, the mass of the 
earth is more drawn to the moon than the waters of 
that hemisphere, and their relative tendencies are 
changed in the same direction, and nearly by the 
same quantity. If the action of the moon on all 
the parts of the earth, both sea and land, were the 
same, no tide whatever would be produced. 

Thus, the same analysis of the force of gravity 
which explained the inequalities of the moon, was 
shown by Newton to explain those inequalities in 
the elevation of the waters of the ocean to which we 

10 
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give the name of ttdes. On the prindple also ex- 
plained in thiB analysiffj it i^i that the attraetioa of 
the sun and moon conspire to elevate the waters of 
the ocean whether these luminaries be in opposition 
or conjunction. In hoih cases the solar and lunar 
tides are added together, and the tide actually ob- 
served is their sum* At the quadratures, or the 
first and third quarters, these two tides are opposed 
to one another, the high water of the lunar tide 
coinciding with the low water of the solar, and con- 
versely, so that the tide actually observed is the dif- 
ference of the two. 

The other phenomena of the tides were explain- 
ed in a manner no less satisfactory, and it only re- 
mained to inquire* Whether the quantity of the 
solar and lunar forces were adequate to the effect 
thus ascribed to them ? ^ The lunar force there 
were yet no data for measuring, but a measure of 
the solar force, as it acts on the moon, had been 
obtained, and it had been shown that in its mean 
quantity it amounted to ^^^ of the foivse which re- 
tains the moon in her orbit. This last is ^^ of 
the force of gravity at the earth's surface, and, 
therefore, the force with which the sun disturbs 
the moon's motion is rfs x sto7 o^ gravity at the 
earth's surface^ This is the solar disturbing force 
on the moon when dirtant sixty semidiameters from 
the earth's centre, but on a body only one semidi- 
ameter distant from that centre, that i% on the 

VOL. II. D d 
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water of the ocesn, the disturhing force would be 
sixty times less, md thus is found to be no raoie 
^^^"^ 3(^4^600 ^^ gravity at the earth's surface. 

Now, thia being the mean force of the sun, is 
that by which he acts on the waters, 90 d^rees 
distant from the point to which he is vertical, where 
it is added to the force of grarity, and tends to 
increase the weight and lower the level of the 
waters. At the point where the sun is verti* 
cal, the force to raise the water is about double of 
this, and, therefore, the whole foree tending to raise 
the level of the high, above that of the low water, 
is three times the preceding, or about the ittisooo 
of gravity. Small as this force is, when it is ap- 
plied to every particle of the ocean, it is capable of 
producing a sensible effect. The manner in which 
Newton estimates this effect can only be considered 
as affording an iqpproximation to the truth. In 
treating of the figure of the earth, be had shown 
that the centrifiigal force, amounting to ^ of gnu 
vity, was able to raise the level of the ocean more 
than seventeen miles, or, more exaetly, 85,47^ 
French feet. Hence, making the eflfect propor- 
tional to the forces, the elevation of the waters pro- 
duced by the solar force will come out 1.99 feet. 

But, from the comparison of the neap and spring 
tides» that is, of the difference and the sum of the 
lunar and solar forces, it iqppears, that the force of 
the moon is to that of the sun as 4.48 to I. As 
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the solar force raises the tide 1*92 feet, the lunia* 

« 

will raise it 8.63 feet» so that the two together will 
produce a tide of 10^ French feet, * which agrees 
not ill with what is observed in the open sea, at a 
distance from land. 

The calculus of Newton stopped not here. From 
the force that the moon exerts on the waters o£ the 
ocean, he found the quantity of matter in the moon 
to that in the earth as 1 to S9*78» or, in round 
numbers, as 1 to 40. He also found the d^isit j 
of the moon to the density of the earth as 11 to 9* 

Subsequent investigations, as we shall have oc- 
casion to remark, have shown that much was yet 
wanting to a complete theory of the tides ; and 
that even after Maclaurin, Bernoulli, and Euler, t 
had added their efforts to those of Newton, there 
remained enough to give full employment to the 
calculus, of Laplace. As an original deduction, 
and as a first approximation, that of which I have 
now given an account, will be for ever memorabte. 

The motion of Comets yet remained to be dis* 
cussed. They had only lately been acknowledged 
to belong to the heavens, and to be placed beyond 
the region of the earth's atmosphere ; but with re» 
gard to their motion, astronomers were not agreed* 

• Newtoni, Prin. Lib. III. Prop. 36 ad 37- 

t See the solutions of these three mathematicians in the 

Commentary of Le Sear and Jaoquier on the Third Book of 

the Principuu 
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Kepler believed them to move in straight lines ; 
Cassini thought they moved in the planes of great 
circles, but with little curvature. Hevelius had 
come much nearer the truth ; he had shown the 
curvature of their paths to be different in diffisrent 
parts, and to be greatest when they were nearest the 
sun ; and a parabda having its vertex in. that point 
seined to him to be the line in which the oraiet 
moved. Newton, convinced of the universality of 
the principle of gravitation, had no doubt that the 
orbit of the comet must be a conic section, having 
the ran in one of its foci, and might eidier be an 
ellipse^ a parabola, or even an hyperixda, according 
to the relation between the force of projection and 
the force tending to the centre. As the eccentric 
city of the orbit on ev^ supposition must be greats 
the poition of tt that fell within our view could not 
difer much from a parabola, a circomstance which 
rendefe^ the calculation of the comet's place, when 
the position at the oi1>it was once ascertained, move 
easy than in the case of the planets. Thus far 
tiieory proceeded, ai^ observation must then deter* 
mine with what degree of aocnracy this theory le* 
pi^sented die phenomena. From three obsenm^ 
taons of the comet, the position of the orbit conM 
l>e determined, though the geometric problem was 
one of great difficulty. Newton gave a solution of it ; 
wd it was by this that his theory was to be brought 
to the test of experiment. If the orbit dius deter- 
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mined was not the trae one, the places of the comet 
calculated on the supposition that it was, and that 
it described equal areas in equal times about the 
tun, could not agree with the places actually ob- 
served. Newton showed, by the example of the 
remarkable comet then visible, (1680,) that this 
agreement was as great as could reasonably be ex- 
pected ; thus adding another proof to the number 
of those already brought to support the principle of 
universal g^vitation. The comets descend intp 
our system from all diflferent quarters in the hea- 
vens, and, therefore, the proofs that they afforded 
want to show, that the action of gravity was con* 
fined to no particular r^ion of the heavens. 

Thus far Newton proceeded in ascertaining the 
existence, ^nd in tracing the effects, of the prin- 
ciple of gravitation, and had done so with a success 
of which there had been no instance in the history 
of human knowledge. At the same time that it 
was the most successful, it was the most difficult re- 
search that had yet been undertaken. The reai- 
sonings upward from the ftcts to the general prin^ 
ciple, and again down from that principle to its e& 
fects, both required the application of a mathemat^ 
cal analysis which was but newly invented ; and 
Newton had not only the difficulties of the investi- 
gation to encounter, but the instrument to invent 
without which the investigation could not have 
been conducted. Every one yAio considers all this. 
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will readily join in the sentiment with which Bailly 
doses a eulogy as just as it is eloquent. Sij comme 
Platon a pensi^ il exhtoit dans la nature une 
echelle dPetres et de substances intelUgentes jusqu^ d 
rJEtre Supreme, Vespice kumaine, defendant ses 
droits^ auroit une Joule de grands hommes d pre- 
senter ; mass Newton, suivi de ses viritis pures, 
tnonlreroit le plus haut degri deforce de P esprit 
humain, et stfffiroit seul pour lui assigner sa vrai 
place. • 

Though the creative power of genius was never 
more clearly evinced than in the discoveries of this 
great philosopher, yet the influence of circumstan- 
ces, always extensive and irresistible in human af- 
fidrs, can readily be traced. The condition of 
knowledge at the time when Newton appeared was 
favourable to great exertions; it was a momcjnt 
when things might be said to be pr^ared for a re- 
volution in the mathematical and physical sciences. 
-The genius of Copernicus had uniblded the true 
system of die world ; and Galileo had shown its 
excellence, and establisljed it by arguments, the 
farce of which were generally acknowledged. Kep- 
ler had done still more, having, by an admirable ef- 
fort of generalisationt reduced the &cts concerning 
the planetary motions to three general laws. Cas- 
.sini's observations had also extended, the third of 



* Hist, de I'Astron. Mod.To0. U. 
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these laws to the satellites of Jupiter, showing that 
the squares of their periodic times were as the 
cubes of their distances from the centre of the body 
round which they revolved. The imaginary ap- 
paratus of cycles and epicycles, — ^the immobility of 
the earth, — ^the supposed essential distinction be- 
tween celestial and terrestrial substances, those in- 
superable obstacles to real knowledge, which the 
prejudice of the ancients had established as physical 
truths, were entirely removed; and Bacon had 
taught the true laws of philosophising, and pointed 
out the genuine method of extracting knowledge 
from experiment and observation. The leading 
principles of mechanics were established ; and it 
was no unimportant circumstance, that the Vortices 
of Descartes had exhausted one of the sources of 
error, most seducing on account of its simplicity. 

All this had been done when the genius of New- 
ton arose upon the earth. Never till now had 
there been set before any of the human race so 
brilliant a career to run, or so noble a prize to be 
obtained. In the progress of knowledge, a moment 
had arrived more favourable to the developement 
of talent than any other, either later or earlier, and 
in which it might produce the greatest possible ef- 
fect. But, let it not be suj^osed, while I thus ad- 
mit the influence of external circumstance!^ on the 
exertions of intellectual power, that I am lessening 
the merit of this last, or taking any thing^ from the 
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adtniratioa that is due to it. I am, in truth, ovlj 
distinguishing between what it is possible, and 
what it is impossible, for the human mind to eflfect. 
With all the aid that circumstances could give, it 
required the higliest d^ree of intellectual power 
to aoeomplish what Newton performed. We hav^ 
here a memorable, perhaps a singular instance, 
of the highest degree of intellectual power, 
united to the most fayourable condition of things 
for its exertion. Though Newton's situation was 
more favourable dian that of the men of science 
who had gone before him, it was not more so than 
that of those men who pursued the same objects at 
the same time with himself, placed in a situatiou 
equally favourable. 

When one considers the splendour of Newton's 
discoveries, the beauty, the simplicity, and gran- 
deur of the system they unfolded, and the demon- 
strative evidence by which that system was sup- ^ 
ported, one could hardly doubt, that, to be receive 
ed, it required only to be made known, and that 
the establishment of the Newtonian philosophy all 
over £un^ would very quickly have followed the 
publicatioa of it. In drawing this conclusion, 
however, we should make much too small an allowr 
ance for the iafluence of received opinion, and the 
resistance that meie habit is able, for a time, to op- 
pose to the strongest evidenoe. The Cartesian 
syst^ of vortices had many followers io all the 
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countries of Europe, and particularly in Fbnce. 
In the universities of England, though the Ari- 
stotelian physics bad made an obstinate resistance, 
they had been supplanted by the Cartesian, which 
became firmly established about the time when their 
foundation began to be sapped by the general pro- 
gross of science, and particularly by the discoveries 
of Newton. For more than thirty years after the 
publication of those discoveries, the system of vor- 
tices kept its ground, and a translation from the 
French into Latin of the Physics of Rohault, a 
work entirely Cartesian, continued at Cambridge 
to be the text for philosophical instruction. About 
the year 1718f a new and more elegant translation 
of the same book was published by Dr Samuel 
Clarke, with the addition of notes, in which that 
profound and ingenious writer explained the riews 
of Newton on the principal objects of discussion, so 
that the notes contained virtualh/ a refutation of 
the text ; they did so, however, only virtually, all 
appearance of argument and controversy being 
carefully avoided. Whether this escaped the no- 
tice of the learned Doctors or not is uncertain, but 
the new translation, from its better Latinity, and the 
name of the editor, was readily admitted to all the 
academical honours which the old one had enjoyedi 
Thus, the stratagem of Dr Clarke com^etdy suc- 
ceeded } the tutor might prelect from the text, but 
the pupil would sometimes look into the notes, and 



426 MATHEMATICAL AND 

error is never so sure of being exposed as when the 
truth is phced close to it, side by side, without 
any thing to aUinn prejudice, or awaken from its 
lethaigy the dread of innovation. Thus, therefore, 
the Newtonian philosophy first entered the Univer- 
sity of Cambridge under the protection of the 
Cartesian. * 



* The Univergities of St Andrews and Edinburgh were, I 
believe, the first in Brittin where the Newtonian philosophy 
was made the sabject of the academieal prdectionB. For 
this distinction they are indebted to James and David Gre- 
gory, the first in scxme respects the rival, but both the 
friends of Newton. Whiston bewails, in the anguish o£ his 
heart, the difference in this respect between those universi- 
ties and his own. David Ghregory taught in Edinburgh for 
several years prior to 1^90, when he removed to Oxford; 
and Whiston says, ** He had already caused several of his 
scholars to keep acts, as we call them, upon several branches 
of the Newtonian philosophy, while we at Cambridge (poor 
wretches) were ignominiously studying the fictitious hjrpo- 
theses of the Cartesian." (Whiston's Memoirs of his own 
Life.) I do not, however, mean to say, that from this date 
the Cartesian philosophy was expelled 4rom those universi- 
ties; the Physics of Bohault were still in use ajs a text, at 
least pccasiooally, to a much later period than this^ and a 
great deal, no doubt, depended on the character of the indi- 
viduii) professors. Keil introduced the Newtonian philoso- 
phy in his lectures at Oxford in 1697 ; but the instructiona 
of the tutors, which constitute the vsal and efficient system 
pf the university^ were not cast in that mould tiU Icmg af- 
terwards. The publication oi S'Gravesende's Elements 
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If such were the obstacles to its progress that the 
new philosophy experienced in a country that was 
proud of having given birth to its author, we must 
expect it to advance very slowly indeed among fo* 
reign nations. In France, we find the first astro- 
nomers and mathematicians, su^h men as Cassini 
and Maraldi, quite unacquainted with it, and em- 
ployed in calculating the paths of the comets they 
were observing, on hypotheses the most unfounded 
and imaginary ; long after Halley, following the 
principles of Newton, had computed tables from 
which the motions of all the comets that ever had 
appeared, or ever could appear, might be easily de- 
duced. Fontenelle with great talents and enlarged 
views, and, as one may say, officially informed of 
the progress of science all over Europe, continued 
a Cartesiaa to the end of his days. Mairan in his 
youth was a zealous defender of .the vortices, 
though he became afterwards one of the most stre« 
nuous supporters of the doctrine of gravitation. 

A Memoir of the Chevalier Louville, among 
those of the Academy of Sciences for 17520, is the 
first in that collection, and, I believe, the first pub- 
lished in- France, where the elliptic motion of the 
planets is supposed to be produced by the combina- 
tion of two forces, one projectile and the other cen- 



proves that the Newtonian philosophy was taught in the 
Dutch universities before the date c^ 1720. 



4% MATHKMATIGAL AND 

tripetal. Maupertnis soon after went much far- 
ther ; in his elegant and philosophic treatise, Fi« 
gure des Astres, published about 1790, he not only 
admitted the existence of attraction as a fiict, but 
even defended it» when considered as an universal 
property of body, against the re[ffoach of being a 
metaphysical absurdity. These were considerable 
advances, but they were made slowly ; and it waa 
tniOt as Voltaue afterwards remarked, that though 
the author of the FHncipia survived the publication 
of that great work nearly forty years, he had not, 
at the time of his death, twenty followers out of 
England. 

We should do wrong, however, to attribute thia 
slow conversion of the philosophic world entirely to 
prejudice, inertness, or apathy* The evidence of 
the Newtonian philosophy was of a natiu^e to re- 
quire time in order to make an impressioD* It 
implied an application of matbematiral reasoning^ 
which was oft;en difficult ; the doctrine of prime 
and ultimate ratios was new to most readers, and 
could be familiar only to those who had studied the 
infinitesimal analysis. 

The principle of gravitation itself vnui considered 
as difficult to be admitted. When presented* in- 
deed, as a mere fiict, like the weight of bodies at 
the earth's surface, or their tendency to fall to the 
ground, it was free from objection} and it was 
in this light only that Newton wished it to be con* 
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sidered.* But though this appears to be the 
sound and philosophical view of the subject, there 
has always appeared a strong desire in those who 
speculated concerning gravitation to go iarther, 
and to inquire into the cause of what, as a mere 
fact, they were sufficiently disposed to admit. If 
you said that you had no explanation to give, and 
was only desirous of having the fiict admitted^ they 
alleged, that this was an unsatisfiurtory proceeding, 
— 4hat it WIS admitting the doctrine of occulf 
causeSf^^^Bt it amounted to the assertion, that bo- 
dies acted in places where they were not,— « pro* 
position that, metaphysically considered, was un* 
doubtedly absurd. The desire to explain gravita- . 
tion is indeed so mtural, that Newton himself felt 
its force, and has thrown out, at the end of his 
Optics, some curious conjectures concerning this 
general afiection of body, and the nature of that 
elastic ether to whidi he thought that it was per- 
lutps to be ascribed. ^< Is not this meditun (the 
ether) mudi rarer within the dense bodies of the 
sun, stars, and pbnets, than in the empty celestial 

'* " Vce^ Qitractiomii McgeMeraliUr usurpo pro corporutn 
conatu quocunque accedendi ad se invicem ; sive conatus isle 
Jiat ab actume corporum se rnutuo petentium, vet per spiriius 
emissos se muiuo agitantium ; sive is ab actione ttikms, -aui 
nM* medii cujummnqne, c or po rei vd i$Mforpo9^ oritur, ^arp^ 
ra itmaianiia in §e imvicem utcunque Unpettenies" Principia 
Math. Lib. 1. ScboL ■d finem. Prop. 69, 
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spaces between them ? And, in passing from them 
to great distances, does it not grow denser and 
denser perpetually, and thereby cause the gravity 
of those great bodies to one another, every body 
endeavouring to go from the denser parts of the 
medium to the rarer ?'' * 

Notwithstanding the highest respect for the au* 
thor of these conjectures, I cannot find any thing 
like a satis&ctory explanation of gravity in the ex- 
istence of this elastic ether. It is very true that 
an elastic fluid, of which the density followed the 
inverse ratio of the distance from a given point, 
would urge the bodies immersed in it, and imper- 
vious to it, toward that p(mit with forces inverse- 
ly as the squares of the distances from it^ but 
what could maintain an elastic fluid in this condi- 
tion, or with its density varying according to this 
law, is a thing as inexplicable as the gravity which 
it was meant to explain. The nature of an elastic 
fluid must be, in the absence of all inequality of 
pressure, to become every where of the same den- 
sity. If the causes that produce so marked and so 
general a deviation from this rule be not assigned, 
we can only be said to have substituted one diffi- 
culty for another. 

A different view of the matter was tsken by some 
of the disciples and friends of Newton, but which 

* Optics, Query 21^ at the end oi the Third Book. 
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Certainly did not lead to any thing more satisfactory. 
That philosopher himself had always expressed his 
decided opinion * that gravity could not be consi- 

* The passages quoted sufficiently prove that Newton did 
not consider gravity as a property inherent in matter. The 
following passage^ in one of his Letters to Dr Bentley> is still, 
more explicit : '' It is inconceivable that inanimate brute 
matter should, without the mediation of something else, 
which is not material, operate upon and affect other matter 
without mutual contact ; as it must do, if gravitation, in the 
sense of Epicurus, be essential or inherent in it. That gra- 
vity should be innate, inherent, and essential to matter, so 
that one body may act on another, at a distance, through a 
vacuum, without the mediation of any thing else, by and 
through which their action and force may be conveyed from 
one to another, is, to me, so great an absurdity, that I believe 
no man who, in philosophical matters, has a competent fSunil- 
ty of thinking can ever fall into it." (NeroUmi Opera, Tom. 
IV. Horsley's edit. p. 438.) On this passage I cannot help 
remarking, that it is not quite dear in what manner the in- 
terposition of a material substance can convey the action of 
distant bodies to one another. In the case of percussion or 
pressure, this is indeed very intelligible, but it is by no 
means so in the case of attraction. If two particles of mat- 
ter, at opposite extremities of' the diameter of the earth, at- 
tract one another, this effect is just as little intelligible, and 
the modus agendi is just as mysterious, on the supposition 
that the whole globe of the earth is interposed, as on that of 
nothing whatever being interposed, or of a complete vacuum 
existing between them. It is not enough that each particle 
attracts that in contact with it; it must attract the particles 
that are distant, and the intervention of particles between 
hem does not render this at all more intelligible. 
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dered as a property of matter ; but Mr Cotes, in 
the preface to the second edition of the Principia» 
maintains, that gravity is a property which we have 
the same right to ascribe to matter, that we have to 
ascribe to it extension, impenetrability, or any 
other property. This is said to have been inserted 
without the knowledge of Newton, — a freedom 
which it is difficult to conceive that any man could 
use with the author of the Frincipia. However 
that be, it is certain that these difficulties have 
been always felt, and had their share in retarding^ 
the progress of the philosophy to which they seem- 
ed to be inseparably attached* 

There were other arguments of a less abstruse 
nature, and more immediately connected with ex- 
periment, which, for a time, resisted the progress 
of the Newtonian philosophy, though they contri- 
buted, in the end, very materially to its advance* 
ment. Nothing indeed, is so hostile to the inte» 
rests of truth, as facts inaccuntely observed ; of 
which we have a remarkable example in the mea- 
surement of an arch of the meridian across France^ 
from Amiens to Perpignan, though so large as to 
comprehend about seven degrees, and though exe* 
cuted by Cassini, one of the first astronomers in 
Europe. Accwding to that measurement, the de- 
grees seemed to diminish on going from south to 
north, each being less by about an 800th part than 
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that which immediately preceded it towprd the 
soothe From this result, which is entirely emn&- 
ous, the conclusion first deduced was correct, the 
error in the reasonii^, by a very singular coinci** 
dence, having corrected the error in the data from 
which it was deducied. Fontenelle argued thiit, as* 
the degrees diminished- in length on going toward 
the poles, the meridito must be less tlian the eir- 
emnferenee of the equator, and the earth, oF cotirsey 
swelled out in the plane of that circle, agreeably to 
the facts that had 'been observed concerning the re- 
tardation of the pendulum when carried to th^ 
southi This, however, was the direct contrary of the 
conclusion which ought to hove been drawn, as was 
soon perceived by CasBini aiid by Fontenelle him- 
self. ' The degrees growitig less as tiiey approached 
the pole, was an indication of the curvature* grow? 
ing greater, or of the longar axis of the meridian 
being the line that passed through the pples^ and 
that coincided with the axis of the earth* The fi- 
gure of -the earth must, therefore, be tliat of an ob* 
long spheroid, or one formed hyithe revolution of 
an ellipsis about its longer axis. This conclusion 
seemed to be strengthened by the prdbngatioii of 
the meridiui from Amiens northward to Dunkirk 
in 1713f as the same diminution was observed j the 
medium length of the degree between Paris and. 
Dunkirk being 56970 toises, no less than 137 ^^^ 

VOL If. EC 
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tliaii ihe mean of the dogtees tdmwtd the south.* 
All this seemed quite inconsistent with the observa- 
tions on the p»dulttm» as well as with the condn- 
sions which Newton had deduced from the theoiy 
of gravity. The Academy of Sciences was thus 
greatly perplexed, and uncertain to what side to 
incline* In these circumstances, J. Gusini, whose 
errors were the cause of all the difficulty, had the 
merit of suggesting the only means by which tie 
question concerning the figure of die earth waa 
likely to receive a satisfiMtory solution,---the mea* 
surement of two d^rees, the one under the equa* 
tor, and the other as near to the pole as the nature 
of the thing would admit. Bi^ it was not till con* 
sidenddy beyond the limits of the period of wUch 
I am now treating, that these measures were exe- 
cuted ; and that the increase of the degrees toward 
the poles, or the oblateness of the earth's figure^ 
was com^etely asootained. Cassini, on lesummg 
his own operations, discovered, and candidly ac^ 
knowledged, the errors in his first measurement } 
and thus the ofcrjections which had arisen in this 
quarter against the theory of gravity became irre- 
sistible arguments in its fiivour. Tliis subject wiU 
occupy much of our attentkm in the history o( the 
second period^ till which, the establishment of the 



* Mtooires de TAcad. des Sciences, 1718, p. 245. 
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Newtonian philosophy on the continent cannot be 
sftid to have been accomplished. 
- In addition to these discoveries in physical astro- 
noniy, this period affords several in the descriptive 
parts of the science, of which, however, I can only 
mentioA one, as far too important to be passed over 
in the most general 'outline. It regards the appa- 
rent motion in the fixed stars, known by the name 
of the Aberration, and is the discovery of Dr 
Bradley, one of the most distinguished astronomers 
of whom England has to boast. Bradley and his 
friend Moiyneux, in the end of the year 17^> * 
were occupied in searching for the paralkx of the 
fixed stars by means of a zenith sector, constructed 
by Graham, the most skilful instrument-maker of 
that period. The sector was erected at Kew ; it 
was of great radius, and furnished with a telescc^ 
twenty-four feet in length, with which they propos* 
ed to observe the transits of stars near the zenith, 
according to a method that was first suggested by 
Hooke, and pursued by him so far as to induce him 
to think that he had actually discovered the paraU 
lax of 7 Draconis^ the bright star in the head of 
the dragon, on which he made his observations. 
They begap their observations of the transits of the 
same star on the Sd of December, when the distatice 
from the zenith at which it passed was carefully 

'  i   t il III 

• Phil. Trans. Vol XXXV. p. 697. 
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narked. By the observations of the subieqiieiit 
days the star seemed to be moving to the south ; 
and about the beginning of March, in the follow- 
ing year, it had got 20" to the sonth, and was then 
nearly stationary. In the b^inning of Jane it 
had come back to the same situation where it was 
first observed, and from thence it continaed its 
motion northward till September, when it was about 
9fy north of the point where it was first seen, its 
whole change of declination having amounted to 
40\ 

This motion occasioned a good deal of surprise 
to the two observers, as it lay the contrary way to 
what it would have done if it had proceeded from 
the parallax of the star. The repetition of the ob- 
servations, however, confirmed their accuracy ; and 
they were afterwards pursued by Dr Bradley, with 
another sector constructed also by Graham, of a less 
radius, but still of one sufficiently great to meaaiLre 
a star's zenith distance to half a second. It em- 
braced a larger arch, and admitted of the observa- 
tions being extended to stars that passed at a more 
considerable distance from the zenith. 

Even with this addition the observations did not 
put Bradley in possession of the complete fact, as 
they only gave the motion of each star in declina- 
tion, without giving information about what change 
might be produced in its right ascension. 

Had the whole fact, that is, the motion in right 
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ascension as well as in declination been given from 
observation, it could not have been long before the 
cause was discovered. With such information, 
howeveri as Dr Bradley had, that discovery is cer- 
tainly to be regarded as a great effort of sagacity. 
He has not told us the steps by which he was led 
to it ; only we see that, by the method of exclu- 
•sion, he had been careful to narrow the field of hy« 
pothesist and had assured himself that the pheno- 
menon was not produced by any nutation 0f the 
earth's axis ; by any change in the direction of the 
plumb-line, or by refraction of any kind. All these 
causes being rejected, it occurred to him that die 
appearances might arise from the progressive motion 
oF light combined with the motion of the earth in 
its orbit. He reasoned somewhat in this manner* 
If the earth were at rest, it is plain that a telescope, 
to admit a ray of light coming from a star to pass 
along its axis, must be directed to the star itselfl 
But, if the earth, and, of course, the telescope be 
in motion, it must be inclined forward, so as to be 
in the diagonal of a parallelogram, the sides of 
-which represent the motion of the earth, and the 
motion of light, or in the direction of those mo* 
tions, and in the ratio of their velocities; It is 
with the telescope just as with the vane at the mast-- 
head of a ship ( when the ship is at anchor, the 
vane takes exactly the direction of the wind i when 
the ship is under w^h, it places itself in the 
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gonal of s parallelogram, of which one side repre- 
sents the velocity of the ship, and the other the ve- 
locity of the wind. If, instead of the vane, we con* 
ceive a hollow tube, moveable in the same manner, 
the case will become more exactly parallel to that of 
the telescope. The tube will take such a position 
that the wind may blow through it without striking 
tigainst the sides, and its axis will then be the dia^ 
^nal of the parallelogram just referred to. 

The telescope, therefore, through which a star is 
viewed, and by the axis of which its position is de* 
termined, must make an angle with the straight 
line drawn to the star, except when the earth iwves 
directly upon the star, or directly from it. Hence 
it follows, that if the star be in the pole of the 
ecliptic, the telescope must be pomted forward, in 
the direction of tbe earth's motion, always by the 
same angle,, so that the star would be seen out of 
its true place by that angle, and would appeto to 
describe a circle round the pole of the ecliptic, the 
radius of which, subtended at the earth, an angle, 
€£ which the sine is to unity, as the velocity of the 
«arth to the velocity of light. If the star be any 
where between the plane of the ecliptic and the 
pole, its apparent path will be an ellipse, the longer 
axis of which is the same with the diameter of the 
former circle, and the shorter equal to the same 
quantity, multiplied by the sine of the star's lati^ 
tude. If the star be in the plane of the ecUptic^ 
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this shorter axis vanishes, and the a^^arent path cif 
the star is a stnught linje, equal to the axis jiist 
mentioned. 

Bradley saw that Roemer's observation concern*, 
ing die time that light takes to go from the sun to 
the earth gave a ready expressicHi for the velocity of 
light compared with that of the earth. The pro-, 
portion, however, which he assumed as best suited 
to his observations was somewhat different ; it waft 
that of 10313 10 1, which made the radius of the 
circle of aberration i(y\ and the transverse axis of 
the ellipse in every case, or the whole change of pb* 
sition, 4(/^ It was the shorter axis which Brad* 
ley had actually observed in the case of 7 Draconis, 
that star being very near the solstitial colure, so 
that its changes of declination and of latitude are 
almost the same. In order to show the truth of 
his theory, he computed the aberration of different 
stars, and, <m comparing the results with his x>bser* 
vations, the coincidence appeared almost perfect^ 
so that no doubt remained concerning the truth of 
the principle on which he had founded his calcula- 
tions. He did not explain the rules themselves : 
Cldraut published the first investigation of these in 
the Memoirs qfthe Academy qf Sciences for 1737. 
Simpson also gave a demonstration of them in hia 
Es&in/Sf published in 1740. 

It has been remarked, that the velocity of lights, 
as assumed by Bradley, did not exactly agree with 
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that which Roemer had assigned ; sof^pofing the to- 
tal amount of the aberration 40^", it gave the time 
that light takes to come from the sun to the earth 
8^ li^'^; but it is proper to add, that since the time 
of this astroDomery the velocity of light deduced 
from the eclipses of Jupiter's ss^Uites has been 
found exactly the same. 

It is remaiimble that the phenomenon thus dis- 
covered hy Bradley and Molyneux, when in search 
of the parallax of the fixed stars, is in reality as 
convincing a proof of the earth's motion in its or- 
bit, as the discovery of that parallax w<nild have 
been. It seems, indeed, as satisfactory as any evi^r 
deuce that can be desired. One only regrets, in 
reflecting on this discovery, that the pbenettienon 
of the aberration 'was not foreseen, and that, after 
being [»^dicted from theory, it had been ascertain^ 
ed from observation. As the matter stands, how- 
ever, the discovery both of the fact and the theorv 
is highly creditable to i(s author. 



I • 



* In ' the impeifect outline which I have now 
fflti^tched of one of the most interesting periods in 
the history of human knowledge, much has been 
omitted, and many great characters passed over, 
lost, as it were, in the splendour of the t^o great 
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liiaiiiiiiries whieh marked this epoeha* Newton 
and • Leibnitz are so distinguished from the rest 
even of the sdentifie world, that we can only com- 
pbre them with one another, though, in fact, no 
two intellectual characters, who both reached the 
highest d^ree of excellence, were ever more dis- 
similar* 

For the variety of his genius, and the extent of 
his research, Leibnitz is perhaps altogether unrival- 
led. A lawyer, a historian, an antiquary, a poet, 
abd a philologist,--*a mathematician, a metaphysi- 
cian, a theologian, and I will add a geologist, he 
has in all these characters produced works of great 
merit, and in some of them of the highest excellence. 
It is sare that original genius has so little of a pe- 
euMar direction, or is disposed to scatter its efforts 
over ^ so wide a field. Though a man of great in- 
ventive powers, he occupied much of his time in 
wwks. of mefB labour and erudition, where there 
was nothing to invent, and not mueh of importance 
to discover. Of his inventive powers as a mathe* 
matician we have already sp<^en ^ as a metaphysi* 
chaxs Ips acuteness and depth are universally admit* 
ted ; but metaphysics is a sjcience in which there 
are &w discoveries to be made, and the man who 
searches in it for novelty, is more ]Ske\y to find 
what is imaginary than what is real. The notion 
of the Monads^ those unextended units, or sim|^ 
essences, of which, according td this philosopher, 
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all thiogs corporeal and spkitoal, material or intal-. 
lectualy are formed, will be readily allowed to bine 
more ia it of novelty tbaa truth. Hie fr^-eata^ 
blished hatmony between the body and the mind» 
by which two substances incapable of acting on one 
another, are so nicely adjusted from the begianing:^ 
that their movements for ever correspond, is a sys* 
tern of which no argument can do more than prove 
the possibility. And, amid all the talent and 
aeuteness with which these doctrines are supported, 
it seems to argue some unsoundness of understand* 
ing, to have thought that they could ever £nd a 
place among the established principles of human 
Jmowledge. 

Newton did not aim at so wide a range. Fortn«> 
nately for himself and for the world, his genius was 
more determined to a particular point, and its el& 
/forts were more concentrated. Their jiirectkm 
was to the accurate sciences, and they soon pcorod 
equally inventive in the pure and in the mixed 
mathematics. Newtoti knew how to transfer the 
t)c3uths of abstract, ^ience to the study oi things ac** 
tMS% existing, and« by returning in the opposite 
d^r^ction, tp enrich the former by ideas derived 
from the latter. In experim^ital and inductive 
investigi^jti<»l, he was as great as in the pm-e mathe<- 
matics, and hi$ discoveries aa diskuaguished in die 
eM ^ in the oth^* In this double daun to re- 

AQWi^ New^n stands yet uniivaHed ; and thooi^ 

1* 
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in the pure mathematies, equals may perlu^s be 
found, no one,* I believe, will come forward- as his 
rival both in that science and in the philosophy o£ 
nature. His caution in adopting general prin*- 
ciples ; his dislike to what was vague or obscure ; 
his rejection of all theories from whkh precise 
conclusions cannot be deduced ; and his readiness 
±0 relinquish those that depart in' any degree from 
the truth) are, throughout, the characters of hiis 
philosophy, and distinguish it very ess^itially from 
the philosophy of Leibnitz. The characters now 
enumerated are most of them negative, but wTtfapiil; 
the principles on which they are founded, invei^- 
tion can hardly be kept in the ri^t course. The 
.German philosopher was not furnished with theib 
in the same degree as the English, and hence his 
great talents have run very frequently to waste. 

It may be doubted also, whether Leibnitz's 
great metaphysical acuteness did not sometimes 
mislead him in the study of nature, by inclining 
him to those reasonings which proceed, or affeqt 
to proceed, contmually from the cause to the ef- 
fect. The attributes of the Deity were the axioms 
of his philosophy ; and he did not reflect that this 
foundation, excellent in itself, lies much too deep 
for a structure that is to be raised by so feeble an 
architect ashman-; or^ that an argument, which sets 
out with the most profound respect to theJSupieme 
Bring, usually terminates in the most' unwsrranb* 
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able premimptioii. HIi reasonings from first causes 
are always ingenious ; but nothing can prevent the 
substitution of such causes for those that are phy- 
sical and efficient, from being one of the wont and 
most fiital errors in philosophy. 

As an interpreter of nature, therefore, Leibnits 
stands in no comparison with Newt<m. His gene- 
ral views in physics were vague and unsatisfactory ; 
he had no great value for inductive reasoning ; it 
was not the way of arrivii^ at truth which he was 
accustomed to take i and hence, to the greatest 
physical discovery of that age, and that which was 
established by the most ample induction, thfe exist- 
ence of gravity as a ^t in which all bodies t^^ree, 
he was always incredulous, because no proof of it, 
d priori^ could be given. 

As to who benefited human knowledge the 
most, no question, therefore, can arise ; and if ge- 
nius is to be weighed in this balance, it is evident 
which scale must preponderate. Except in the 
pure mathematics, Leibnitz, witb all his talents, 
made no material or permanent addition to the 
sciences* Newton, to equal inventions in mathe- 
matics, added the greatest discoveries in the philo- 
sophy of nature } and, in passing through his 
hands. Mechanics, Optics, and Astronomy, were 
not merdy improved, but renovated. No one 
ever leh knowledge in a state so difierent from 
4jiat in which he found it. Men i^ere instructed 
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not only in new truths, but in new methods of dis- 
covering truth ; they were made acquainted with 
the great principle which connects together the 
most distant regions of space, as well as the most 
remote periods of duration ; and which was to lead 
to future discoveries, far beyond what the wisest or 
most sanguine could anticipate. 
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